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ABSTRACT 
An experimental  i n v e s t i g a t i o n  of t h e  shape of shock waves i n  
a c i r c u l a r  shock t u b e  is  conducted. It i s  found t h a t  t h e r e  a r e  t h r e e  
d i s t i n c t  regimes governed, i n  a  g iven  tube ,  by t h e  i n i t i a l  p re s su re  
i n  t h e  t e s t  s e c t i o n .  
A t  very  low p r e s s u r e s ,  where t h e  shock t h i c k n e s s  i s  g r e a t e r  t han  
about  h a l f  t h e  tube  r a d i u s ,  t h e  a x i a l  e x t e n t  (dev ia t ion  from a p lane)  
o f  t h e  shock is  roughly cons t an t  and dominated by t h e  v iscous  i n t e r -  
a c t i o n  between t h e  "shock", t h e  boundary l a y e r ,  and t h e  d r iv ing  p i s t o n  
o f  gas .  This  range o f  p r e s s u r e s  i s  c a l l e d  t h e  viscosity-dominated 
regime. 
A t  i n t e rmed ia t e  p re s su re s ,  t h e  shape of t h e  shock is  very nea r ly  
t h a t  p r e d i c t e d  by t h e  theo ry  of de Boer, t h e  shock cu rva tu re  being 
produced by t h e  boundary l a y e r  and t h e  a x i a l  e x t e n t  being roughly 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square r o o t  of t h e  i n i t i a l  p ressure .  
T h i s  i s  t h e  boundary l a y e r  regime. de Boer ' s  work i s  extended and t h e  
shock shapes f o r  both t h e  two-dimensional and axisymmetric ca ses  a r e  
computed and p l o t t e d .  
A t  h igh  p r e s s u r e s ,  t h e  shape of t h e  shock i s  complex and v a r i e s  
p e r i o d i c a l l y  down t h e  tube .  This  shape is  determined by t r a n s v e r s e  
waves produced a t  t h e  diaphragm ( o r  o t h e r  upstream d i s tu rbance )  and 
r e f l e c t i n g  back and f o r t h  a c r o s s  t h e  tube ,  decaying with t h e  square 
r o o t  of t h e  d i s t a n c e  down t h e  tube.  I n  t h i s  t r a n s v e r s e  wave regime, 
-
t h e  a x i a l  e x t e n t  o f  t h e  shock i s  e s s e n t i a l l y  independent of  i n i t i a l  
p re s su re  and is  much g r e a t e r  t han  had been expected. 
The square  r o o t  decay o f  t h e  t r a n s v e r s e  wave d i s tu rbances  i s  
i n  c o n t r a s t  t o  t h e  3 / 2  power decay p red ic t ed  by Freeman and appar- 
e n t l y  v e r i f i e d  by Lapworth. The experimental  d a t a  o f  Lapworth i s  
r e - p l o t t e d  and it i s  shown t h a t  i f  t h i s  d a t a  i s  analyzed i n  a  s l i g h t l y  
d i f f e r e n t  manner it appears  t o  e x h i b i t  square  r o o t  decay. 
It i s  shown t h a t  t h e  shock p e r t u r b a t i o n s  which e x i s t  i n  t h e  
t r a n s v e r s e  wave regime a r e  absent  a t  lower p re s su res .  The t r a n s i t i o n  
r eg ion  where t h e s e  d i s tu rbances  suddenly d isappear  seems t o  co r r e -  
spond approximately t o  t h e  i n i t i a l  p re s su re  a t  which t h e  boundary 
l a y e r  ( app ropr i a t e ly  de f ined )  a t  t h e  d i s tu rbance  f i l l s  t h e  tube .  
A r u l e  of thumb i s  developed from which it should be p o s s i b l e  t o  
p r e d i c t  t h e  t r a n s i t i o n  i n i t i a l  p re s su re  (which s e p a r a t e s  t h e  t r a n s -  
v e r s e  wave and boundary l a y e r  regimes)  i n  any g iven  shock tube .  This  
p r e s s u r e  occurs  when t h e  q u a n t i t y  L / ~ ~ R ~  is of o rde r  one, t h e  tube  
dimensions being i n  m i l l i m e t e r s  and t h e  i n i t i a l  p re s su re  i n  m i l l i -  
meters  of  mercury. This  r u l e  o f  thumb i s  used t o  ana lyze  t h e  
r e s u l t s  of s e v e r a l  shock tube  experiments publ i shed  by o t h e r  
r e sea rche r s .  
Using t h i s  r u l e  of  thumb a s  an important c o n s t r a i n t ,  a  low- 
p r e s s u r e  shock tube  des ign  c h a r t  is  developed, from which, g iven  
t h e  type  of  experiments contemplated and t h e  na tu re  of t h e  i n s t r u -  
mentat ion a v a i l a b l e ,  t h e  proper  shock tube  dimensions and ope ra t ing  
p r e s s u r e s  may be determined. 
F i n a l l y ,  avenues of f u t u r e  r e s e a r c h  a r e  sugges ted ,  wherein it 
may be p o s s i b l e  t o  des ign  a  new type  of " h i - f i "  shock tube ,  capable 
of  producing more n e a r l y  p lane  shock f r o n t s  f o r  use  i n  shock 
s t r u c t u r e  and r e l a x a t i o n  t i ~ e  s r u d i e s ,  e s p e c i a l l y  where methods 
such a s  i n t e g r a t e d  s c h l i e r e n ,  o p t i c a l  r e f l e c t i v i t y ,  o r  e l e c t r o n  
beam s c a t t e r i n g  a r e  t o  be hsed.  
CONTENTS 
PAGZ 
. . 
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . .  1; 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 
LISTOFFIGURES . . . . . . . . . . . . . . . . . . . . . . .  x 
. . . . . . . . . . . . . . . . . . . . . . .  LIST OF SYMBOLS x i i i  
CHAPTER 
I . INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  1 
1.1 H i s t o r i c a l  Development o f  Shock Shape 
. . . . . . . . . . . . . . . . . . . .  Research 1 
1.1.1 The P l a n e .  One-Dimensional Shock . . .  1 
. . . . . . . . . . . .  1 . 1 . 2  i i n E F y f e i 9 6 1  2 
1 . 1 . 3  a u f f  & Young 1961  . . . . . . . . . . .  4 
1 . 1 . 4  H a r t u n i a n l 9 6 1  . . . . . . .  .'. . . .  6 
1 . 1 . 5  J o h n s o n 1 9 6 2  . . . . . . . . . . . . .  7 
1 . 1 . 6  Daen & d e  Boer 1962 . . . . . . . . . .  9 
1 . 1 . 7  d e  B o e r 1 9 6 3  . . . . . . . . . . . . .  11 
. . . . . . . .  1 . 1 . 8  Liepmann & Bowman 1964 1 3  
1 . 2  P o s s i b l e  Sources  o f  Non-Planar i ty  . . . . . . .  1 4  
1 . 3  Shock Shape Regimes . . . . . . . . . . . . . .  1 5  
1 . 3 . 1  The Viscosi ty-Cominated Regime . . . .  1 5  
. . . . . . .  1 . 3 . 2  The Boundary Layer Regime 17  
1 . 3 . 3  The Transverse  Wave Regime . . . . . .  1 8  
1 . 4  A p p l i c a t i o n  o f  Shock Shape Knowledge . . . . . .  20 
1 . 5  Genera l  Exper imenta l  Procedure  . . . . . . . . .  22 
1 . 6  P r e l i m i n a r y  Comment on Curve-Tracing Technique . 24 
BOUNDARY LAYER REGIME: THEORY . . . . . . . . . . . . .  26 
. . . . . . . . . .  11.1 Formula t ion  o f  t h e  Problem 26 
11.2  Z e s u l t s  o f  t h e  P o t e n t i a l  S o l u t i o n  . . . . . . .  29 
. . . . . .  1 1 . 3  Dete rmina t ion  o f  A". F i n a l  R e s u l t s  3 1  
vii 
CHAPTER 
. . . .  111. BOUNDARY LAYER REGIXE: EXPERIMENTS ALD RESULTS 
. . . . .  111.1 Shock Shapes. Comparison Wfth Theory 
. . . . . .  111.2 Variation of "Axial Extent" With Re 
111.3 Effect of Mach Number . . . . . . . . . . . . .  
. . . . . . .  111.4 Miscellaneous Geometrical Effects 
IV . VISCOSITY-DOMINATED REGIME . . . . . . . . . . . . . . .  
V . TRANSVERSE WAVE REGIME: EXPLORATORY EXPERIMENTS . . . .  
. . . . . .  V.l Departure from Boundary Layer Theory 
. . . . . . . . . .  V.2 Partial Diaphragm Experiments 
V.3 Effect of Blade Shape . . . . . . . . . . . . . .  
. . . .  V.4 Effect of Driver/Test Section Area Ratio 
PAGE 
36 
V.5 Superposition of Viscous and 
Non-Viscous Effects . . . . . . . . . . . . . . .  76 
. . . . . . .  V.6 Effect of Mach Number: Phase Shift 78 
. . . . .  TRANSVERSE WAVE REGIME: "ROOFTOP" EXPERIMENTS 83 
VI.1 The Riddle of Pressure-Dependent Disturbances . 83 
. . .  VI.2 Possible Causes of the Pressure Dependence 85 
VI.3 The Axisymmetric Rooftop Disturbance 
Experiment . . . . . . . . . . . . . . . . . . .  88 
. . . . . .  . I 4 Results of the "Rooftop" Experiment 92 
VI.5 Discussion of "Rooftop" Results . . . . . . . .  102 
. . . . .  VI.6 Re-Evaluation of Lapworth's Experiment 110 
CHAPTER p.1 sz 
V I I .  T A U  XSITIOX SET!&C'EN YjjZ ' ~ ~ ~ h ~ S V E ; ( ~ ~  i4i.':7k7E A;q3 
. . BOUNDARY LAYZR REGIXES . . . . . . . . . .  , . . . . . .  L.. 3 
V I I . 1  The Roof-cop Expes>imer. ir -i'? p i  10O;i :ig . . . .  l 1 R  
. . VI? . 2  Pl lys ica :~  Expiana.i:.isi; oi- ?:he I;';.cii:~i.tion 
. . . . . . . . . . . . . . . . . . . .  Region 1 2 0  
V I I . 3  Rule of 'i'huns Trans;-~Lon Concli t ion . . . . . .  1 2 1  
V I I I  . IMPLICATIONS FOli DATA LXTER?RE?'tl',',oN . . . . . . . . . .  
. VIII.1. G e n e r a l  Cons ide rz - t i cxs  [ . . . . . . . , . . .  
VII2 .2  Example A2pifcat ions . . . . . . . . . . . . .  
V Jil.;?:' E Yadni. . . . . . . . . . . .  
VIZI.2 .2  Lin E E'yEe . . . . . . . . . . . .  
V I I I . 2 . 3  L i n z e r  E E o ~ n i g  . . . . . . . . .  
V I I I . 2 . 4  ks7ray . . . . . . . . . . . . . . .  
VTIL.2.5 Daen E de Boer . . . . . . . . . .  
ViI1.2.6 de  Boer . . . . . . . . . . . . . .  
. . . . . . . . . . .  IX , LMPLICATIBNS FOR S~ICICII 'I'ijBC Ll;,fc)iiiilr 
. I X  1 The C o n v e n t i o ~ a l  S!IOC::: T d ~ e  . . . . . . . . . .  
I X . 2  The "Hi-Fin Shock Tube . . . . . . . . . . . . .  
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . .  
APPENDIX 
A . SHOCK TUBE DESCRIPTION . . . . . . . . . . . . . . . . .  
A . l  D e s c r i p t i o n  of t h e  GALCIT 1.7'' Shock Tube . . . .  147 
. B FILM GAGE DESCRIPTION . . . . . . . . . . . . . . . . .  148 
B . 1  F i l m  Gage Response Theory . . . . . . . . . . . .  2.48 
B . 2  Eon-idea1 Gage Perfornc.nce . . . . . . . . . . .  152 
B . 3  P r e v e n t i o n  of Gage Eurnout  . . . . . . . . . . .  155 
B.4 The Kul t ipLe- f i lm Gage . . . . . . . . . . . . .  156 
APPENDIX PAGE 
C . RE-FORMULATION AND EXTENSION OF DE BOER'S 
TWO-DIMENSIONAL SHOCK SHAPE THEORY . . . . . . . . . . .  158 
C . l  Formulation of  t h e  Problem . . . . . . . . . . .  158 
C.2 So lu t ion  of  t h e  Problem . . . . . . . . . . . . .  162 
. . . . . . . . . . . . .  C.3 Evalua t ion  of  t h e  Shape 166 
D . RE-FORMULATION AND EXTENSION OF DE BOER'S 
. . . . . . . . . . . .  AXISYMMETRIC SHOCK SHAPE THEORY 168 
. . . . . . . . . . .  D . l  Formulation of  t h e  Problem 168 
. . . . . . . . . . . . .  D.2 So lu t ion  of  t h e  Problem 172 
. . . . . . . . . . . . .  D.3 E v a l u a t i o n o f t h e  Shape 175 
D.4 C e n t r a l  Radius of  Curvature  . . . . . . . . . . .  177 
D.5 Numerical Eva lua t ion  o f  P r .... . . . . . .  179 
E . NUMERICAL EVALUATION OF Q # . . . . . .  181  
E . l  Expansion f o r  S m a l l X  . . . . . . . . . . . . . .  1 8 1  
E.3 Expansion f o r  Large X q  . . . . . . . . . . . . .  184 
. F DISCUSSION OF ACCURACY . . . . . . . . . . . . . . . . .  191  
F . l  General  Cons idera t ions  . . . . . . . . . . . . .  191 
F.2 Discussion of S igna l  E r r o r s  . . . . . . . . . . .  192 
. . . . . . . .  F.3 Discussion of  Post-Signal  E r r o r s  193 
. . . .  F.4 Sample Adjusted Shock Shape Determinat ion 194 
LIST OF FIGURES 
PAGE: 
. . . . . . . . . .  Typica l  Shock Shapes (schematic)  19 
General  Expe r i zen ta l  Procedure . . . . . . . . . . .  
Coordinate System . . . . . . . . . . . . . . . . . .  
Imp l i ca t ion  of Small-Angle Approximation . . . . . .  
Normalized Shock Shape i n  Boundary Layer 
Regime (Argon) . . . . . . . . . . . . . . . . . . .  
True Sca le  Experimental Shock Shape a t  
. . . . . . . . . . . . . . . .  p 1 = 1 0 p H g ( A r g o n ) .  
Var i a t ion  of Shock Extent  wi th  I n i t i a l  P re s su re  
i n  Boundary Layer Regime . . . . . . . . . . . . . .  
E f f e c t  of Mach Number on Shock Shape i n  
. . . . .  Boundary Layer Regime (p l  = 10p Hg, Argon) 
Miscellaneous Geometric E f f e c t s  on Shock Shape 
i n  Boundary Layer Regime ( p l  = 1 0 0 ~  Hg, Argon) . . .  
Normalized Shock Sha2es 
. . . . . . . . . . . .  (Viscosity-Dominated Regime) 
I V .  1 
Var i a t ion  of Shock Extent  wirh I n i t i a l  P re s su re  
i n  Viscosity-Dominated Regime . . . . . . . . . . . .  
I V .  2 
Shock P r o f i l e  a t  Extremely Low Pres su re  
(p l  = .5p Hg) . . . . . . . . . . . . . . . . . . . .  
I V .  3 
Typica l  Heat Transfer  Thin-Film Gage Responses 
a t  Extremely Low Pressure  (p l  = .5uHg, M = 11.2)  . . 
Var ia t ion  of Shock Extent  with I n i t i a l  P re s su re  
i n  Transverse Wave Regime . . . . . . . . . . . . . .  
" T i l t "  o r  Slope of Shock a t  Ceriter of Tube vs .  
I n i t i a l  Pressure  . . . . . . . . . . . . . . . . . .  
FIGUFE 
V . 3 
v.4 
v . 5 
x i  
LIST OF FIGURES (Cont 'd )  
PAGE 
. . . . . . . . .  Typica l  Shock Shape a t  p l  = i nm i4g 61 
Typica l  Shock Shape a t  p l  = 3 mm Hg . . . . . . . . .  6 2  
P a r t i a l  Diaphragm Experiment: Blocking 
. . . . . . . . . . . . . . . . . . . . . .  Technique 65 
P a r t i a l  Diaphragm Experiment: Ruptured 
. . . . . . . . . . . . . . . . . . . . . .  Diaphragm 66 
. . . . .  E f f e c t  o f  P a r t i a l  Dia?hragm a t  p l  = 3 mm Hg 67 
. . . .  E f f e c t  o f  P a r t i a l  Diaphragm a t  p i  = 10 mm Hg 68 
. . . . .  Effec t  o f  Knife Blade Shape a t  p l  = 1 mm fig 71 
E f f e c t  of Dr iver /Tes t  Sec t ion  Area Rat io  a t  
p1 = 1 m m H g  . . . . . . . . . . . . . . . . . . . .  75 
E f f e c t  of  Mach Numb(.. a t  p l  = 1 mm Hg . . .  ; . . . .  81 
. . . . . .  Adjusted Shock Shapes v s  M a t  p l  = 1 mm Hg 8 2  
VI.l Cutaway View o f  Axisymmetric Rooftop Disturbance . . 90 
VI.2 Experiment Schematic . . . . . . . . . . . . . . . .  91 
VI.3 True Sca l e  Shock Shapes I x n e d i a t e l y  Downstream 
of  Axisymmetric Rooftop Disturbance . . . . . . . . .  97 
I . 4 Transverse Wave Geometry f o r  Der iva t ion  of  
. Equat ions 6 . 2  6.4 (M2' > Mu > 1 )  . . . . . . . . .  98 
VI.5 Transverse Wave Geometry f o r  Axisymmetric 
Rooftop Experiment and A l l  Cases of  Large 
W e d g e A n g l e ( & = M 2 '  > 1 )  . . . . . . . . . . . . .  99 
VI.6 Transverse Wave Geometry A f t e r  
R e f l e c t i o n  (MW=M2'  > 1 )  . . . . . . . . . . . . . .  100 
VI.7 Shock P e r t u r b a t i o n  @ r / R  = . 896 v s  . Distance 
T rave l l ed  Due t o  Axisymmetric Rooftop 
Disturbance (pl  = 3 mm iig) . . . . . . . . . . . . .  101 
. . . . .  . VI.8 Shock Shapes (Actua l  v s  Freeman's Theory) 108 
x i i  
LIST OF FIGURES (Cont 'd )  
FIGURE 
VI.9 
V I "  1 0  
V I I  . 1 
V I I I  . 1 
PAGE 
Approximate Graph of t h e  Funct ion W($) . . . . . . .  109 
Re-Plot of Lapworth's Data: T o t a l  P e r t u r b a t i o n  
vs  . Dis tance  T rave l l ed  . . . . . . . . . . . . . . .  116 
Transverse Wave Geometry f o r  Subsonic 
Disturbance ( P & J I ~ >  M2') . . . . . . . . . . . . .  117 
Shock P e r t u r b a t i o n  a t  r / R  = . 896 v s  . Dis tance  
T rave l l ed  Due t o  Axisymmetric Rooftop 
Disturbance (pl  = l o o p  Hg) . . . . . . . . . . . . .  119 
Data I n t e r p r e t a t i o n  Summary . . . . . . . . . . . . .  13bA 
. . . . . . . . .  I X . 1  Low Densi ty  Shock Tube Design Chart  137 
IX.2 Summary o f  Shock Deviat ion from P l a n a r i t y  
f o r  GALCIT 17" Shock Tube . . . . . . . . . . . . . .  138 
IX.3 T r a n s i t i o n  Sec t ion  f o r  a  "Hi-Fit' Shock Tube . . . . .  143 
B . 1  Bas ic  Film Gage C i r c u i t  . . . . . . . . . . . . . . .  150 
B.2 T h e o r e t i c a l  End Wall Film Gage Response 
( f o r A i r a t T 1  = 300°) . . . . . . . . . . . . . . .  151 
B.3 E f f e c t i v e  v s  . Applied Current  . . . . . . . . . . . .  154 
B.4 Multiple-Film Gages . . . . . . . . . . . . . . . . .  157 
C . l  Wavy Wall Geometry (Two-Dimensional) . . . . . . . .  1 6 1  
C.2 T h e o r e t i c a l  Shock Shape: Two-Dimensional Case 
( T w o P a r a l l e l W a l l s )  . . . . . . . . . . . . . . . .  167 
B . l  Axisymmetric Geometry . . . . . . . . . . . . . . . .  171 
D.2 T h e o r e t i c a l  Shock Shape: Axisyrnmetric Case . . . . .  176 
E . l  General  Equat ion f o r  Q . . . . . . . . . . . . . .  189 3 a  
. . . . . . . .  E.2 Resu l t s  of  Numerical Eva lua t ion  o f  Q 190 
. . . . . .  F.2 True Sca l e  Adjusted Shock Shape. Run 1401 196 
x i i i  
LIST OF SYMBOLS 
L a t i n  Alphabet 
A 2': boundary l a y e r  t h i c k n e s s  ampli tude f u n c t i o n  
A , A 1  ,At1 a r b i t r a r y  consxants  
Ah ,Ak ,Ap Fou r i e r  c o e f f i c i e n t s  
a spee6 o f  s o u n ~  
a empi r i ca l  c o n s ~ a n t  l o c a t i n g  o r i g i n  of  decay 
B , B '  ,B" a r b i t r a r y  c o n s t a n t s  
C def ined  i n  equa t ion  3 . 1 1 ~  
C ' a r b i t r a r y  cons t an t  
D d iameter  
D ' a r b i t r a r y  cons t an t  
d  d i f f e r e n t i a l  
E vo l t age  drop a c r o s s  f i l m  gage 
E 0 power supply v o l t a g e  
E i  an exponen t i a l  i n t e g r a l  f u n c t i o n  ( s e e  Ref. 32)  
e a r b i t r a r y  cons t an t  ( l e s s  t h a n  one)  
f r a d i a l  f u n c t i o n  a s  def ined  i n  equa t ion  D.3 
f f u n c t i o n  express ing  shape of  w a l l  
6 as de f ined  below equat iox  C.25 
G p e r t u r b a t i o n  ampli tude f u n c t i o n  de f ined  by 
equa t ions  6 .5  and 6 . 6  
G a x i a l  f u n c t i o n  a s  def ined  i n  equa t ion  D.3 
5 a s  de f ined  below equat ion  (2.25 
LIST OF SYMBOLS (Cont 'd )  
La t in  Alphabet 
h channel  ha l f -he igh t  a s  de f i ced  i n  f i g u r e  C . l  
h entha lpy  
I cu r ren t  
I e f  f e f f e c t i v e  c u r r e n t  
I 0 modified Besse l  func t ion  of f i r s t  kind of o rde r  0 
I 1  modified Besse l  func t ion  of  first kind of o rde r  1 
1 2 modified Besse l  func-cion of f i r s t  k ind  of o rde r  2 
j l i m i t e d  range index 
K1 modified Besse l  f u n c t i o n  of second kind of o r d e r  1 
2 Tr k = -  ad jus t ed  wa l l  frequency (becomes dummy* of 
Am i n t e g r a t i o n )  
L t ube  l eng th  from diaphragm t o  t e s t  s t a t i o n  
%I t e s t i n g  l eng th  (maximuq s e p a r a t i o n  between shock 
and con tac t  s u r f a c e )  
M Mach number 
m = (1 - M ~ ~ )  1'2 except  t h a t  i n  chap te r  VI, m i s  a  dimensionless  
t r a n s v e r s e  wave frequency 
ma mil l iamps ( c u r r e n t )  
rnm mi l l ime te r s  ( l e n g t h  j 
mm Hg m i l l i m e t e r s  o f  mercury (p re s su re )  
n  index of surnmat ion  
M decay cons t an t  
p3P1,p2 ,p3 d e f i n i t e  i n t e g r a l s  def ined  i n  equat ion  D.32 
LIST OF SYMBOLS (Con t ' d )  
L a t i n  Alphabet 
P p re s su re  
p s i a  pounds p e r  square inch  abso lu t e  ( p r a s s u r d )  
F' wal l  f requency (becomes Zuamy of in-cegrat ion)  
Q,Q1 ,Q23Q3 d e f i n i t e  i n t e g r a l s  deeined i n  equat ion  E . l  
d e f i n i t e  i n t e g r a l s  def ined by equat ions  E.11 
and E.12 
R r a d i u s  of t u b e  ( f i l m  gzge r e s i s t a n c e  i n  
appendix B) 
Re Reynolds number 
9 0  r a d i u s  of cu rva tu re  a t  r = 0 
R 0 b a l l a s t  r e s i s t a n c e  
RO* optimum b a l l a s t  r e s i s t a n c e  ( i d e a l  t heo ry )  
R n r a t i o  of succes s ive  terms i n  a  s e r i e s ,  a s  de f ined  
i n  equat ion  E .  26  
r r a d i a l  p o s i t i o n  from c e n t e r  
S r a t i o  of nega t ive  t o  p o s i t i v e  peak he igh t s  
i n  func t ion  W(9) 
S ' same a s  S ,  bu t  f o r  func t ion  W'(9) 
4 = x/m ad jus t ed  a x i a l  d i s t a n c e  v a r i a b l e  
T temperature 
7- n t h e  "nUth  term of a  s e r i e s  
t t ime 
X a d j u s t e  ill leq$:er,;y (be4 ,me - dummy of 
i n t e g r a  cioa ) 
U l o c a l  flow a x i a l  v e l o c i t y  component r e l a t i v e  t o  
shock f r o n t  
x v i  
LIST OF SY~J.SOLS (Cont 'd )  
L a t i n  Alphabet 
u ( w i t h o ~ t  s u b s c r i p t )  a r ;m&?t  o f  t h e  incomplete 
gamma f u n c t i o n ,  de f ine2  by eqoat ion  E.19 
V v o l t s  ( v o l t a g e )  
v l o c a l  f low v e r t i c a l  ve loc  i t y  componerit 
W emg i r i ca l  p e r i o d i c  f l e t i o n  expla ined  i n  
s e c t i o n  V i .  5 and ski  he? i n  figui-e V I .  9 
( a p p l i e s  t o  s h ~ c k  p e r r u r ~ a t i o n  i n  axisyrn- 
me t r i c  c a s e )  
W' empi r i ca l  f u n c t i o n  s i m i l a r  t o  W ,  bu t  f o r  
Lapworth's two-dimensional geometry 
x a x i a l  d i s t a n c e  from o r i g i n  (measured toward 
diaphragm ) 
Xsh shock shape f u c c t i o n  ( a x i a l  shock pos i - t ion  
measured from p o s i t i o n  of c e n t e r  o f  shock) 
Ax( .%) shock d e v i a t i o n  from p l a n a r i t y  a s  de f ined  
i n  f i g u r e  111.4 
X g e n e r a l  v a r i a b l e  used i n  i d e n t i t i e s  
Y def ined  i n  f i g m e  VI.4 
Y d i s t a n c e  from lower w a l l  i c  two-dimensional c a s e  
z a x i a  d : - s ta r , -~  down u b ~  from t r a i l ;  ;g ~ d g n  c - 
d i s t ~ r b ~ n c e  
LIST OF SYMBOLS ( C o n t P d )  
Greek Alphabet 
c% 
B 
r 
r(v, l iu)  
Y 
A e 
Ax(.8) 
def ined  i n  equa t ion  3.11a 
ang le  made by shock-shock and rube  w e l l  
gamma f u n c t i o n  
t h e  g e n e r a l  Lncomplete g a m a  func-cion 
r a t i o  o f  s p e c i f i c  i- ~ea-cs 
s i g n a l  v o l t a g e  
shock d e v i a t i o n  from p l a n a r i t y  a s  def ined  
i n  f i g u r e  111.4 
shock t h i c k n e s s  
boundary l a y e r  t h i c k n e s s  a s  ciefined i n  
equa t ion  3 .1 ld  
bcundary '$ ;yer  t h i c k n e s s  a s  d e f i  ed b i  
equa t ion  '/ . 1 
boundary l a y e r  d i s p l a c e ~ e n t  t h i c k n e s s  
def ined  i n  equa t ion  3.11b 
a x i a l  d i s t a n c e  down tube  from o r i g i n  of decay 
r / R  (ax isynmet r ic  c a s e )  
1 - y/h  (two-dimensional c a s e )  
a x i a l  e x t e n t  
t r a n s v e r s e  wave and shock sha?e p e r i o d i c i t y  
ang le  def ined  i n  f i g u r e  V I . 8  
wavelength o f  wavy wal l  
(wi thout  s u b s c r i p t )  argument of t h e  i ncon2 le t e  
gamma f u n c t i o n ,  def ined  by equa t ion  E.19 
(wi th  s u b s c r i p t )  v i s c o s i t y  
x v i i i  
LIST OF SYMBOLS (Cont 'd )  
Greek Alphabet 
li Hg microns of  ~ e r c a r y  ( 2 r e s s u r e )  
prn Mach ang le  
psec  microsecond = sec  
v (wi he s b s c r i p t )  3rgume~ of t h e  ir,conLglete 
gam* , ~ i - i i  i c ~ ,  d e f i .  +d by Lua-tion E .  19  
v (with s u b s c r i p t )  kinematic v i s c o s i t y  
5 shock p e r t u r b a t i o n  amplitude 
P d e n s i t y  
1 summat ion  
o l o c a l  shock s l o p e  
T defined i n  f i g u r e  V I  .4 
$ v e l o c i t y  p o t e n t i a l  
Y def ined  i n  f i g u r e  VI.4 
'4 t r a n s v e r s e  wave and shock shape phase ang le ,  
def ined  by equat ions  6 . 5  and 6 . 6  
i-2 ohms ( r e s i s t a n c e )  
w temperature c o e f f i c i e n t  of  v i s c o s i t y  
xix 
LIS: 9F 'Yi.II30LS ( a n -  d )  
Subsc r ip t s  
f low condi t ions :  
1 ahead of  shock 
2 behind shock 
w a t  w a l l  behind shock 
4 d r i v e r  s e c t i o n  
00 f r e e  s t r e a x  ( o u t s i d e  boundary l a y e r )  
o t h e r  : 
t t r a n s m i t t e d  (downsrream of d i s ~ u r b a n c e )  
W r e f e r r i n g  t o  t ransve,  vse  wave 
Miscellaneous 
1 1  i nch  ( l e n g t h )  
1.1 H i s t o r i c a l  Development of Shock Shape Research 
- ---
1.1.1 The Plane,  One-Dirr.ensiona1 Snock 
--- 
The i d e a l  shock tube  i s  completely one-dimensional,  t h e  p lane  
shock wave being formed in s t an t aneous ly  by an i d e a l  diaphragm r e -  
moval and propagat ing down t h e  tube  a t  cons t an t  speed ahead of a 
sharp ,  p l ana r  con tac t  d i s c o n t i n u i t y .  Ir the e a r l y  yea r s  of shock 
tube  technology it was considered obvious t h a t  t h e  shock waves 
were indeed p l ane  and one-dimensional,  any e f f e c t  of  t h e  f i n i t e  
opening t ime of t h e  diaphragm being f e l t  a t  most a few diameters  
downstream, and v iscous  e f f e c t s  a t  t he  w t l l s  being completely 
ignored.  Indeed t h e  e a r l y  experiments of Bleakney, Weimer, & 
F l e t c h e r  i n  1949 (Ref. 1 )  seemed t o  confirm t h i s  view. They found 
t h a t  shock waves dev ia t ed  from a p lane  by l e s s  than  1/10 of a degree.  
This  r e s u l t  was o f t e n  quoted withouc sny mention of t h e  p a r - t i c u l a r  
experimental  cond i t i ons  involved.  The measurements were made with a 
shadowgraph technique  a t  high i n i t i a l  p re s su re s  i n  a f a i r l y  rough 
r e c t a n g u l a r  t ube .  That t h e  r e s u l t s  might no t  be v a l i d  f o r  a l l  t ubes  
under a l l  cond i t i ons  was not  immediately suspected.  
1 .1 .2  Lin & Fyfe 1961 (Ref.  2 )  
----- - - 
While e a r l y  shock tube  r e s e a r c h e r s  hzd been p r i m a r i l y  i c t e r e s t e d  
i n  producing a  s l u g  of high-spced, high-tempersture gas  between t h e  
shock and con tac t  s u r f a c e  f o r  sero&~narnic t e s s i n g ,  toward t h e  end ..f 
t h e  1950 ' s  i n t e r e s t  began t o  s h i f t  t o  t h e  shock f r o n t  i t s e l f .  This  
s h i f t  i n  emphasis was caused by increased  i n t e r e s t  i n  t h e  problems of 
high speed,  high a l t i t u d e  f l i g h t  ano t h e  s tudy  of  chemical k i n e t i c s ,  
inc luding  r e a c t i o n  r a t e s  and re]-axat ion t imes .  S icce  t h e  c h a r a c t e r -  
i s t i c  t imes  involved a r e  p r o p o r t i o n a l  t o  t h e  mean f r e e  p a t h ,  it 
became necessary  t o  work wi th  h ighly  r a r e f i e d  gases  i n  o rde r  co  
o b t a i n  t imes  s u f f i c i e n t l y  l a r g e  i n  co:npa-i.ison wi th  t h e  response 
t ime of a v a i l a b l e  i n ~ t r u m e n t a t i o ~ i .  I t  has a l r e a d y  been noted t h a t  
t h e  l eng th  of t h e  t e s t  gas  s l u g  was l e s s  than  i d e a l  and t h a t  t h i s  
e f f e c t  i nc reased  g r e a t l y  a t  low p r e s s u r e s  due t o  increased  leakage 
of t h e  t e s t  gas  p a s t  t h e  c o n t a c t  s u r f a c e  throug,  t h e  boundary l a y e r .  
Thus it was recognized t h a t  i n  o r d e r  t o  main ta i , ,  a  d e f i n i t e  separa-  
t i o n  between t h e  shock f r o n t  and t h e  con tac t  reg ion  it would be 
necessary  t o  u se  shock tubes  of much -a rger  d i a m e ~ e r  i f  i n i t i a l  
p r e s s u r e s  were t o  be l e s s  than  about 1 mm Kg. This  reasoning l e d  
t o  t h e  c o n s t r u c t i o n  of s e v e r a l  l a r g e  d i a m e ~ e r ,  low p res su re  shock 
tubes .  In  one of t h e s e ,  t h e  Avco 24" diameter  shock -cube, Lin & 
Fyfe at tempted t o  measure t h e  translational/rotational shock t h i c k -  
ness  i n  a i r  a t  Mach numbers between 12  and 22 and a t  i n i t i a l  
p r e s s u r e s  ranging from . 0 2  t o  .5  mm Hg. They found t h a t  t h e  
apparent  shock th i cknesses  were much g r e a t e r  t han  t h e o r e t i c a l l y  
expected,  t h a t  t h e r e  was l i t t l e  c o r r e l a t i o n  with Xach number, and 
t h a t  t h e  apparent  t h i cknesses  were i n v e r s e l y  ~ r o ? o r t i o n a l  (approxi-  
mate ly)  t o  t h e  sqaa re  r o o t  o f t t h e  i n i t i z l  p re s su re .  S ince  t h e i r  
t echnique  cons i s t ed  of pass ing  an u l t r a v i o l e t  beam a c r o s s  t h e  f u l l  
d iameter  of  t h e  shock tube and monitor ing i t s  i n t e n s i t y ,  t hey  
recognized t h a t  most of t h e  apparent  t h i ckness  t hey  measured was i n  
f a c t  due t o  cu rva tu re  of t h e  shock caused by t h e  boundary l a y e r  
and was p r o p o r t i o n a l  t o  t h e  boundary l a y e r  t h i ckness .  
1 . 1 . 3  Duff & Young 1961 (Ref .  3 )  
----- - - 
Following Lin & F y f e f s  "ciscovery" of shock c i l r v z i t ~ r e ,  s e r iou ,  
r e s e a r c h  i n t o  t h i s  phenomenon and i t s  cakszs qu ick ly  took p l a c e .  
On t h e  experimen2al s i d e ,  t h e  f i r s ?  i n v e s t i g s t i o n  designed s p e c i f i -  
c a l l y  t o  ana lyze  shock shape was conducted by Duff & Young i n ,  
s u r p r i s i n g l y ,  a shock tube  only  28.6 mm i n  diameter  (zbou-c l 1 / 8 " ) .  
Despi te  -the d i f f i c u l t i e s  i nhe ren t  i n  a t tempt ing  t o  measure shock 
shape i n  a  t u b e  whose r a d i u s  (over  which t h e  v a r i a t i o n  t & e s  p l a c e )  
i s  only  about 5 t imes t h e  diameter  of t h e  sens ing  probes ,  Duff & 
Young obta ined  s e v e r a l  s i g n i f i c a n t  r e s u l r s .  No v a r i a t i o n  of shock 
cu rva tu re  wi th  Mach number was noted over a  racge  of  Mach numbers 
from 1.84 t o  6.33.  A s  d i d  Lin & Fyfe ,  they  noted t h e  inve r se  
dependence of shock cu rva tu re  on t h e  square r o o t  of t h e  i n i t i a l  
p re s su re .  More impor t an t ly ,  however, t hey  a l s o  noted a  d e v i a t i o n  
from t h i s  dependence a t  t h e  lowest  p re s su re  and c o r r e c t l y  p r e d i c t e d  
t h e  e x i s t e n c e  of a  reginrie of  extremely low p res su res  where t h e  f l a t  
p l a t e  boundary l a y e r  approximation does not  hold. This  regime, i n  
f a c t ,  does e x i s t  and i s  d i scussed  i n  more d e t a i l  below. 
Duff & Young came c l o s e  t o  making an even more important  d i s -  
covery when, i n  expla in ing  t h e  s c a t t e r  i n  t h e i r  d a t a ,  t hey  commented 
t h a t  t h e  shock shape seemed t o  be o s c i l l a t i n g  about  i t s  equi l ibr ium 
shape a s  i f  it s t i l l  remembered some of t h e  d e t a i l s  of  i t s  b i r t h  a t  
t h e  b u r s t i n g  diaphragm. I t  was appa ren t ly  not  suspected t h a t  t h i s  
e f f e c t ,  i f  r e a l ,  might have more than  academic importance. Most 
r e s e a r c h e r s ,  i n  f a c t ,  seemed t o  pas s  i r  o f f  a s  fancy.  I t  w i l l  be 
shown i n  t h i s  paper ,  however, no t  oc ly  t h a t  t h i s  e f f e c ~  Is r e a l  bu t  
t h a t  t h e r e  e x i s t s  a  broad regime of cond i t i ons  i n  which it COT- 
p l e t e l y  dominates t h e  shock shape and posses se s  a  magcitude nany 
times t h a t  which n i g h t  be expected.  
Because of  t h e  s c a t t e r  i n  t h e i r  da-ca and t h e  unfavorab le  geom- 
e t r y  of  t h e  experiment ,  a l i  Duff & Young were a b l e  t o  determine 
about  t h e  shock shape i t s e l f  ( v s .  ~ a d i a l  p o s i t i o n )  was t h a t  it 
could  be approximated by a  s p h e r i c a l  s e c t i o n .  They a l s o  in t roduced  
t h e  l o g i c a l  argument t h a t  i n  an e x ~ r a p o i a t i o n  o f  t h e  shock shape t o  
t h e  wa l l ,  t h e  shock must ap2roach t h e  wa i l  a t  a  f i n i t e  ang le  such 
t h a t  t h e  normal component i n t o  t h e  wave ( o u t s i d e  t h e  bounzary 
l a y e r )  i s  supersonic .  
1.1 .4  Hartunian i 9 6 1  (Ref.  L )  
- - -  
The theo ry  r e l a t i n g  t h e  growth of t h e  boun2ary l a y e r  Sehicd 
t h e  shock t o  t h e  shock c u r v a t m e  i s  very  s t r a igh t fo rward  and w i l l  
be o u t l i n e d  i n  t h e  next  cha?';e~. T!,e f i r s t  t h e o r e t i c a l  so lu tkon  of 
t h i s  problem was acconplished by Hartunian a s  a  mas ters  t h e s i s  a t  
Corne l l  i n  1954 but was c o t  publishes u n t i l  1961 when t h e  expe r i -  
ments of Lin & Fyfe and Duff & Young gave inc reased  s i g n i f i c a n c e  
t o  t h e  work. The case  solved by Eartunian i s  t h a t  of a  shock i n  a  
s e m i - i n f i n i t e  medium pass ing  over  a  f i a t  wal l .  The equat ions  a r e  
solved f o r  t h i s  geomet r i ca l ly  s impie "one-wall" c a s e  with only  
s l i g h t l y  more ease  than  i n  t h e  subsequent ly so lved  two-wall and 
axisymmetric ca ses .  The g r e a t  s i m 2 l i f i c a t i o n  of t h i s  ca se  l i e s  
i n  t h e  ease  with which t h e  r e s u l t i n g  a n a l y t i c  express ion  f o r  t h e  
shock shape may be converted i n t o  n u n e r i c a l  o r  g r a p h i c a l  form. The 
more complex geometr ies  r e s u l t  i n  i n f i n i t e  s e r i e s  and i n t e g r a l s  
which converge only s lowly and were xhus unava i l ab l e  i n  g r a p h i c a l  
form f o r  comparison with experiment ~ n t i l  t h e i r  eva iua t ion  i n  t h e  
p r e s e n t  paper  ( s e e  appendices C, D, and E ) .  The p a r a b o l i c  p r o f i l e  
of Har tunian ' s  one-wall case  i s  appropr i a t e  f o r  comparison wi th  
experiments i n  t h e  shock tube  only i n  a  l i m i t e d  zone no t  t o o  n e a r  
e i t h e r  t h e  w a l l  o r  t h e  c e n t e r  of  t h e  tube .  
Never the less ,  Har tun ian f s  paper i s  extremely s i g n i f i c a n t  s i n c e  
t h e  more u s e f u l  gecme t r i ca l  ca ses  have been solved using t h e  same 
g e n e r a l  method. 
1 .1 .5  Johnson 1962 (Ref. 5 )  
-- - 
A t  t h i s  s t a g e  i n  t h e  development of  shock shape knowledge whar 
was needed was c l e a r l y  a s e t  o f  e x ? e r i ~ e n t s  c o m b i n i c ~  t h e  a?.vantages 
of t h e  large diameter  shock t u s e  (e.2. L i r l  E Fyfe)  and -the d e t e r -  
minat ion of  shock shape by t h e  measurement of a r r i v a l  t imes a t  
va r ious  end wall. s t a t i o n s  ( e . g .  Duff & Young). This  need was 
recognized by Liepmann ( see  acknowledgment, Ref. 51, and under h i s  
supe rv i s ion  t h e  f i r s t  shock shape experiments i n  t h e  GALCIT 17" 
shock tube  were c a r r i e d  ou t  by Johnson using s p e c i a l l y  cons l ruc t ed  
piezoceramic p re s su re  t r ansduce r s  ( s i m i l a r  t o  t hose  used by Duff & 
Young) i n  t h e  end wal l .  Unfor tuna te ly ,  t h e  range of i n i t i a l  p re s -  
s u r e s  covered i n  Johnson's  experimenrs was l i m i t e d  by t h e  same 
ins t rumenta t ion  problems which plagued Duff & Young. I n i t i a l  
p r e s s u r e s  ranged from . 0 3  t o  .I mm lig, p r s c t i c a l l y  t h e  saxe range 
covered by Lin & Fyfe and comparable t o  t h e  range of . 1 t o  20 inn Hg 
covered by Duff & Young i n  t h e i r  sma l l e r  tube .  Because of t h e  
f avo rab le  geometry of h i s  experiments ,  however, Johnson was a b l e  
t o  determine t h e  shape of t h e  shock wave i n  t h i s  regime wi th  g r e a t e r  
p r e c i s i o n  than  were h i s  predecessors .  Thus it happened t h a t  a l l  
t h e  shock shape experiments up t o  i362 were conducted i n  t h e  f a i r l y  
narrow p res su re  regime i n  which t h e  boundary l a y e r  theory  of  
cu rva tu re  product ion  i s  v a l i d  and i n  which t h e  g r o s s  cu rva tu re  o r  
apparent  t h i c k n e s s  v a r i e s  wi th  t h e  i n v e r s e  square r o o t  of t h e  i n i t i a l  
p re s su re .  There was some evidence t h a r  t h i s  v a r i a t i o n  might no t  
hold a t  extremely low p res su res ,  bu t  t h e r e  was ev iden t ly  no sus2 ic ion  
t h a t  t h e r e  n i g h t  be a  r eg ine  of h ighe r  2 r e s s u r e s  w h a ~ a  tl ie boundary 
l a y e r  theory  f a i l s  com?ietely t o  desc r ibe  -the shock shape. I t  was 
c o n f i d e n t l y  f e l t  t h a t  a t  h lgher  p r e s s m e s  a11 d e v i a t i o c s  f r o m  
p l a n a r i t y  would be imnieasurably smal l .  
1.1 .6  Daen & de Boer 1962 (Xef. 5 )  
------ - - 
In  t h e  course  of an exper imenta l  i c v e s t i g a t i o n  of  r e l z x a r i o n  
p roces ses  i n  an integrated-schiieren-equis?ed shock t ~ S e ,  Daen & 
de  Boer encountered unexpecredly l a r g e  ap?arznt  zoce ~ h i c k n e s s e s ,  
much a s  had Lin & Fyfe i n  t h e i r  s i m i l a r  experiments. 3aen & de  Boer 
were, however, aware of H a r t m i a n ' s  eheory and were 02e ra t ing  a t  
h ighe r  i n i t i a l  pressuyes where t h e  p red ic t ed  cu rva tu re s  were smal l .  
The i r  experiments ,  though, i ~ 2 i c a t e d  t h e  proba3le e x i s t e n c e  of 
cu rva tu re s  2 t o  10 t imes  those  p red ic t ed  by theo ry  and which d i d  
no t  seem t o  fo l low t h e  inve r se  square  r o o t  p re s su re  r u l e .  Because 
they  had no d i r e c t  knowledge of t h e  shock sha?es,  but  could only  
i n f e r  t h e i r  g r o s s  e x t e n t  from d e n s i t y  measurements i n t e g r a t e d  a c ~ o s s  
t h e  tube ,  t hey  d i d  not  recognize t h a t  oxher ,  non-viscous, sources  
of shock non-planari ty  were p r e s e n t ,  bu t  po in ted  ou t  p o s s i b l e  
reasons  f o r  t h e  discrepancy between t h e i r  r e s u l t s  and t h e  p red ic -  
t i o n s  of Har tunian ' s  theory .  I n  p a r t i c u l a r ,  t hey  presented  a  
q u a l i t a t i v e  d e s c r i p t i o n  of t h e  flow a t  t h e  f o o t  of t h e  shock. 
Considering t h e  good agreement between Har tunian ' s  rheory and a l l  
t h e  e a r l i e r  experiments ,  it i s  not  s u r p r i s i n g  t h a t  Daen & de Boer 
appa ren t ly  d i d  not  r e a l i z e  t h a t   hey were ope ra t ing  i n  a  regime t o  
which Har tun ian ' s  t heo ry  d id  no t  apply ,  bu t  f o r  which a  new theo ry ,  
based on upstream d i s tu rbances  of t h e  shock wave, would have t o  be 
developed. 
A t  about t h e  same t ime,  o t h e r  shock tube  r e l a x a t i o n  r a t e  s t u d i e s  
were being performed by Wray (Ref. 7 ) .  In  t h e s e  experiments ,  i n s t e a d  
of i n t e g r a t i n g  a c r o s s  t h e  e n t i r e  t u b e  c i a m e ~ s r ,  Wray reduced ,he 
o p t i c a l  p a t h  l e n g t h  i n  r ecogn i t i on  of  r h e  exper iences  of Lin & 
Fyfe. This  technique  improved r h e  d a t z  a t  low i n i t i a l  p r e s s u r e s ,  
b u t  t h e  d a t a  a? high p r e s s u r e s  haa t o  be d i sca rdL2  because o f  
tremendous s c a t t e r .  The r e s u l t s  of  t n i s  paper i n d i c a t e  t h a t  i n i s  
s ca tTe r  was probably cause6 by t h e  same type  of upstream d i s tu rbances  
t h a t  t roub led  Daen G de Boer. 
1.1.7 de Boer 1963 (Ref. 8 an2 9)  
---- --- 
Probably motivated by t n e  d i f f i c u l t i e s  which he an& h i s  asso-  
c i a t e s  encountered with t h e i r  i n t e g l a t i n g - s c h l i c r e n  e x p e r i x e c t s ,  
de Boer undertook a  d e t a i l e d  and c o ~ p e h e n s i v e  s tudy  of t h e  ~heor ' y  
of shock cu rva tu re  produced by a  boundary l a y e r ,  In  t h i s  ~ h e o r y ,  
he extends t h e  a n a l y s i s  of Xartunian t o  t h e  two-wall and axisym- 
m e t r i c  ca ses  and inc ludes  ana lyses  of t h e  e 2 f e c t s  of t h e  f low a t  
t h e  f o o t  of  t h e  shock, boundary l a y e r  m a n s i t i o n ,  and t h e  p o s i t i o n  
of t h e  con tac t  s u r f a c e .  The main c o n t r i b u t i o n  of t h e  ana lyses  of 
t h e  l a t t e r  e f f e c t s  is  t h a t  xhey a r e  shown t o  be n e g l i g i b l y  smal l .  
The c o r r e c t i o n  f o r  t h e  f low a r  t h e  f o o t  of  t h e  shock i s  a  q u a l i -  
t a t i v e  s t e p  i n  t h e  r i g h t  d i r e c t i o n  and he lps  exp la in  t h e  d e v i a t i o n  
from i n v e r s e  square  r o o t  p r e s s u r e  dependence a r  very  low i n i t i a l  
p r e s s u r e s .  The va lue  of t h e  c o r r e c t i o n  f o r  t h e  p a r t i a l l y  t u r b u l e n t  
boundary l a y e r  i s  y e t  t o  b e  demonstrated, s i n c e  t h i s  c o r r e c t i o n  i s  
only  of importance a t  extremely high p re s su res  (above 100 nm Hg) 
and s o  f a r  no shock shages have been observed a t  t h e s e  p r e s s u r e s  
which were no t  completely dominated by non-viscous t r a n s v e r s e  d i s -  
tu rbances  from upstream. 
I n  h i s  d o c t o r a l  t h e s i s  (Zef. 8), de Boer a l s o  r e p o r t s  t h e  
r e s u l t s  of  a  s e r i e s  of experiments with t h e  i n t e g r a t i n g - s c h l i e r e n  
appara tus  s i m i l a r  t o  t hose  of Daen & de Boer (Ref.  6). The zone 
t h i c k n e s s  r e s u l t s  of t h e s e  experiments agreed q u i t e  we l l  wi th  t h e  
theo ry  a t  i n i t i a l  p re s su re s  below 30 mm Hg. A t  h igher  p re s su re s  
t h e  apparenr  zone th i cknesses  were a l l  much g r e a t e r  t han  ~ r e d i c t e d  
by t h e  theo ry ,  de  Boer concluded xhat  s h e  d e v i a t i o n s  fAqorn xheory 
were caused by i r r e g u l a r i t i e s  i n  t h e  shock tube  supface .  While 
i r r e g u l a r i t i e s  such a s  windows and p o r t s  can d e f i r i i t e l y  cause ?er -  
t u r b a t i o n s  i n  t h e  shock shape,  it i s  more l i k e l y  t h a s  t h e  greaTer  
p a r t  o f  t h e  d e v i a t i o n  was caussd by d i s tu rbances  o r i g i n a ~ i n g  a t  t n e  
diaphragm. This  is  c l e a r l y  i n d i c a t e d  by t h e  f a c t  t h a t  de Boer was 
a b l e  t o  reduce t h e  dev ia t ions  from theory  ~ n i y  very  s i i g h x l y  (from 
say 6 t imes  t h e  t h e o r e t i c a l  va iue  t o  about 4 t imes  tkeore-c ica l )  by 
i n s e r t i n g  a p r e c i s i o n  g l a s s  i nne r  tube  wi th in  t h e  shock tube .  T h a ~  
he blamed t h e  remaining d e v i a t i o n  on enzrance e f f e c t s  a t  t h e  
beginning of t h e  g l a s s  t ube  i s  an e x c e l l e n t  example of t h e  b e l i e f  
of  most shock tube  r e sea rche r s  t h a t  d i s tu r3ances  from t h e  dia2hragm 
could  p e r s i s t  no more than  a  few diaineters downstream, 
1.1 .8  Liepmann - & 3ovman 1 9 6 4  (Ref .  1 2 )  
- - -  
The r e s e a r c h  r epor t ed  i n  t h e  $ re sen t  paper  i s  a  con t inua t ion  
of t h e  r e s e a r c h  on which a pre l iminary  r e ~ o r t  was g iven  i n  
r e f e r e n c e  1 2 .  I n  t h a t  p u b l i c a t i o n  it w a s  i n d i c a t e d  t h a t  t h e r e  
was a regime of  high p r e s s u r e s  i n  which upstream d i s tu rbances  were 
dominant. It was a l s o  r epo r t ed  t h a t  a e f i n i t e  evidence of shock 
shape dependence on diaphragm conf igu ra t ion  i n  t h i s  regime had been 
obta ined  and graphs  of t y p i c a l  shock shapes i n  t h e  d i f f e r e n t  regimes 
were presented .  This  paper  w i l l  p r e sen t  t h e  r e s u l r s  of  subsequent 
experiments which make it p o s s i b l e  t o  analyze t h e s e  regimes i n  
d e t a i l .  A chap te r  w i l l  a l s o  be inc luded  on t h e  regime of extremely 
low p r e s s u r e s ,  which was not  covered i n  t h e  pre l iminary  r e p o r t  o f  
r e f e rence  1 2 .  
Possible Sources - of Ncn-Plana-i~y 
The sources of non-glanariry of ;he zkAock waves in a shock rube 
fall into two general ca~ego-ies--stationary and lil;n-ststionhry 
effects. The stationary effects are steady fn shock-fixed coordi- 
nates and include the influence of the bouALdary layer and through it 
surface roughness. AT moderate pressures the boundary iayer is thin 
compared to the tube radius and srraightforward flar plate theory is 
applicable. At lower pressures the sh~ck shape is complicated by 
the viscous interaction region at the foot of the shock and by the 
transverse curvature of the wall (in a circular tube; in a rectan- 
gular tube, corner effects become inportant). 
The non-stationary effects produce shock shapes which vary with 
time and distance down the tube and include disturbances of protu- 
berances and area changes, effects of non-plane contact surfaces, 
and disturbances originating from the non-ideal opening of the 
diaphragm. All these non-stationary effects take the form of 
transverse waves which originate at the disturbance and reflect 
back and forth across the tube, thus Lntersecting the main shock 
at different positions as the shock moves down the tube. 
I. 3 Shock Shape ~ e ~ i m e s ~  
--
The Viscosity-Dominated Regime 
-
The exger%monta r epo r t ed  he re in  show t h a t  t h e  two g e n e r a l  t ypes  
of sources  of non-p lanar i ty  cause t h e  shocK shape theo ry  t o  be 
d iv ided  i n t o  t h r e e  regimes, two of  them dominated by t h e  s t a t i o n a r y  
e f f e c t s  and one dominated by t h e  non-stat ionary e f f e c t s .  Like any 
d e s c r i p t i o n  of  p h y s i c a l  phenomena, t h i s  d i v i s i o n  is somewhat 
a r b i t r a r y  and t h e  regimes a r e  not  separa ted  by p e r f e c t l y  sharp  
d i v i s i o n s ,  bu t  by somewhat hazy zones. Nevertheless  t h r e e  q u i t e  
d i s t i n c t l y  d i f f e r e n t  t h e o r e t i c a l  t r ea tmen t s  must be g iven  f o r  t h e  
t h r e e  regimes and t h e  regimes of a p p l i c a b i l i t y  of t h e s e  t h e o r i e s  
a r e  much broader  t han  t h e  t r a n s i t i o n  zones between them. 
The viscosi ty-dominated regime covers  t h e  very  low i n i t i a l  
p re s su re s  from t h e  f r e e  molecule l i m i t  up t o  t h e  p re s su re  where 
t h e  shock th i ckness  has  decreased t o  about 1 /2  t h e  tube  r a d i u s .  
The shock th i ckness  and boundary l a y e r  t h i ckness  ( t h e s e  r e a l l y  
cannot be def ined  i n  t h i s  r eg ion  and t h e  use of  t h e  terms "shock" 
and "boundary l aye r "  i s  extremely loose )  i n  t h i s  regime a r e  both  
t o o  l a r g e  t o  be assumed "small" i n  comparison with t h e  tube  
diameter .  Moreover, t h e  shock cu rva tu re  i s  t o o  g r e a t  t o  be t r e a t e d  
.?. 
"Here and throughout ,  t h e  word "regime" i s  used t o  denote a s e t  
of cond i t i ons  under which a p a r t i c u l a r  phenomenon governs t h e  shock 
shape with a p a r t i c u l a r  s e t  of phys i ca l  laws. The word "region", 
on t h e  o t h e r  hand, i s  used t o  denote p h y s i c a l  l o c a t i o n ,  such a s  t h e  
"region behind t h e  shock". 
by a "small  anglef '  a n a l y s i s ,  and t h e  i r r o t a t i o n a l  t e s t i n g  r eg ion  has 
disappeared,  t h e  c o n t a c t  s u r f a c e  ( o r  t u r b u l e n t  mixing zone) being 
very  c l o s e  t o ,  o r  even overlapping wi th ,  t h e  shock. A s  can be seen  
from t h e  r e s u l t s  of  chap te r  I V ,  t h e  v iscous  i n t e r a c t i o n  r eg ion  where 
t h e  shock and boundary l a y e r  j o i n  extends w e l l  i n t o  t h e  tube  and 
cannot be ignored. The shock th i ckness  and shock s t r e n g t h  v a r i e s  
cons iderably  from t h e  c e n t e r  of t h e  tube  t o  t h e  wa l l s  and t h e r e  a r e  
l a r g e  v a r i a t i o n s  i n  t h e  p r o p e r t i e s  of t h e  f low behind t h e  shock, 
t h e s e  v a r i a t i o n s  being both r a d i a l  and a x i a l .  Although t h e  shock 
shape i s  s t a t i o n a r y  i n  t h i s  regime and can be determined exper i -  
menta l ly  ( s e e  chap te r  IV) it would seem t h a t  a complete theory  f o r  
t h i s  regime w i l l  be  a long t ime i n  coming. 
Because t h i s  regime i s  b e s t  understood a s  one i n  which t h e r e  
i s  a p rog res s ive  depa r tu re  from t h e  p r e d i c t i o n s  of boundary l a y e r  
theory ,  t h e  chap te r  devoted t o  t h e  viscosity-dominated regime i s  
de fe r r ed  u n t i l  a f t e r  t hose  i n  which t h e  theo ry  of  t h e  boundary 
l a y e r  regime i s  developed. 
I .  3 .2  The Boundary Layer Regirce 
--
The boundary l a y e r  regime encompasses a  f a i r l j  l:arrow band of 
p re s su re s  imnedia te ly  ahove t h e  viscosi ty-dorsinated r e g i a e .  I t  i s  
i n  t h i s  regime t h a t  t h e  shock shape i s  cLoseiy p red ic t ed  by t h e  
theory  of  Harrunian and de Boer, t h e  a x i a l  e x t e n t  o r  apparent  
thicknessf '  varying a s  t h e  i n v e r s e  square  roo= of  t h e  i n i t i a l  p res -  
su re .  This  regime i s  cha rac t e r i zed  by t h e  boundary l a y e r  being 
eh in  enough t h a t  t h e r e  e x i s t s  a  reasonable  t e s t i n g  r eg ion  of  nea r ly  
i r r o t a t i o n a l  f low behind t h e  shock, and y e t  t h i c k  enough t h a t  
t r a n s v e r s e  waves produced a, t h e  diaphragm o r  by p r o t r u s i o n s  i n  t h e  
t u b e  a r e  "choked o f f "  and d i s s i p a t e a  before  t h e  shock wave reaches  
t h e  t e s t  s e c t i o n .  The shock th i ckness  w i l l  normally vary from 
about 30% of t h e  tube  r a d i u s  a t  t h e  low p r e s s u r e  end of t h e  regime 
t o  about  3% o f  t h e  r a d i u s  a t  t h e  high 2 r e s s u r e  end. The l a t t e r  
f i g u r e  w i l l  depend on t h e  l e n g t h  of t h e  tube  f o r  t h e  boundary l a y e r  
regime extends t o  h igher  p re s su re s  i n  t ubes  of g r e a t e r  l eng th /  
r a d i u s  r a t i o  . 
.r. 
"These a r e  no t  i d e n t i c a l  i n  g e n e r a l ,  f o r  t h e  apparent  t h i c k n e s s  
is  t h e  s u m  of t h e  a x i a l  e x t e n t  and t h e  a c t u a i  shock th i ckness .  It  
i s ,  of c o w s e ,  only t h e  a x i a l  e x t e n t  which should fo l low t h e  pi- ' /2 
law. 
1.3.3 The Transverse Wave Regime 
--
The t r a n s v e r s e  wave regime t a k e s  i n  a l l  i n i t i a l  p r e s s u r e s  
above t h e  boundary l a y e r  regime. The shock shape i n  t h i s  regime i s  
hnsteady and desc r ibab le  by a weakly damped p e r i o d i c  func t ion  f o r  
geomet r i ca l ly  symme~r i c  d i s tu rbances  (and ha rd ly  d e s c r i b a b l e  a t  a l l  
for asymmetric d i s tu rbances ) ,  t h e  shape a t  any t ime o r  d i s t a n c e  
down t h e  tube  beir,g dependent mainly on t h e  magnitude and phase 
p o s i t i o n  of t r a n s v e r s e  waves c r e a t e d  a t  t h e  diaphragm o r  o t h e r  
d i s tu rbance .  These waves r e f l e c t  back and f o r t h  a c r o s s  t h e  t u b e ,  
decaying only s lowly ( l i k e  t - l '*) ,  t h e  boundary l a y e r  being t o o  
t h i n  t o  cause a n o t i c e a b l e  speed-up of t h i s  decay. 
The t r a n s i t i o n  zone between t h i s  and t h e  boundary l a y e r  regime 
i s  q u i t e  narrow and seems t o  occur  a t   he i n i t i a l  press-tire f o r  
which t h e  boundary l a y e r  i s  j u s t  t h i c k  enough t o  cause c l o s u r e  a t  
t h e  d i s tu rbance  when t h e  shock i s  a r r i v i n g  a t  t h e  t e s t  s e c t i o n .  No 
upper l i m i t  on t h i s  regime has  been d iscovered .  
F igure  1.1 g i v e s  a q u a l i t a t i v e  comparison of t h e  shock shape 
regimes. 
FIG. I. le TRANSVERSE VdAVE REGl"ME 
UTG = BJNDfSTL'SBED TEST GAS 
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BR .: TES$i,\jG REGiON 
CZ = COXTACT ZONE 
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$16. 1.1 
TYPICAL SklQCK SHAPES (SCHEMATIC) 
1.4  Appl ica t ion  of Shock Shape Knowledge 
- ---
I t  has  a l r eady  been no-ced t h a t  shock tube  e x ~ e r i m e n t s  i n  which 
t h e  shock wave i t s e l f  i s  i n v e s ~ i g a t e d  us ing  insJcrurnen~at ion which 
i n t e g r a t e s  a c r o s s  -che tube  may not  be performed without  due r ega rd  
f o r  shock shape. A t  t h e  same t ime it i s  not  s u f f i c i e n t  t o  merely 
recognize  t h a t  d e v i a t i o n s  from planar i ty9 '  e x i s t  and in t roduce  
c o r r e c t i o n  f a c t o r s  b l i n d l y ,  f o r c i n g  t h e  d a t a  t o  assume t h e  expected 
form. I n  o r d e r  t o  g e t  meaningful r e s u l t s  from ex2eriments us ing  
s c h l i e r e n ,  o p t i c a l  r e f l e c t i v i t y ,  e l e c t r o n  beam, o r  o t h e r  such 
methods, it i s  necessary  t o  know t h e  p r e c i s e  shock shape f o r  each 
experimental  cond i t i on  and c o r r e c t  t h e  d a t a  accord ingly .  This  
procedure becomes e a s i e r  and more s u c c e s s f u l  i f  t h e  experiments a r e  
conducted under cond i t i ons  such tha-c t h e  dev ia t ions  from p l a n a r i t y  
a r e  a s  sma l l  a s  p o s s i b l e .  I t  w i l l  be shown t h a t  t h i s  sugges t s  
o p e r a ~ i o n  i n  t h e  upper p a r t  of t h e  boundary l a y e r  regime. Thus a 
knowledge of t h e  i n i t i a l  p re s su re  corresponding t o  t h e  t r a n s i t i o n  
from one regime t o  ano the r  becomes impera t ive .  This  p re s su re  w i l l  
va ry  from one shock t u b e  t o  another .  I ts  e s t ima t ion  i n  The important  
c a s e  of t h e  t r a n s i t i o n  between boundary l a y e r  and t r a n s v e r s e  wave 
regimes i s  d iscussed  i n  chap te r  V I I .  
.?. '. 
In  t h e  p a s t  t h e  word "curvature" has been used i n d i s c r i m i n a t e l y  
t o  d e s c r i b e  a l l  devia-tions from p l a n a r i t y  o t h e r  t han  tilt. Shock 
shapes under t h e  in f luence  of  t r a n s v e r s e  waves, however, a r e  s o  f a r  
from being s p h e r i c a l  ( s e e  Fig.  1 . 1 )  t h a t  i-cs use i n  t h i s  regime seems 
ill advised .  Sta-cements t o  t h e  e f f e c t  t h a t  p r o t r u s i o n s  " inc rease  
t h e  curva ture"  of  t h e  shock m i s s  -eke p o i n t  completely.  
These same considerations are i~ amant when a new shock -cube 
design is being considered. Kot only may the length, radius, and 
operating range of a shock tube be na~ched wirh miare inielligence, 
but it is possible that new coccepts in shock tube design can Lead 
to tubes capable of producing shock waves of much greater pianarity 
then is presently attainable, These considerations a2e discussed 
in chapter IX. 
1.5 General Experimental Procedure 
-
A l l   he shock shape measurements were rcaae  sing t h e  same b a s i c  
technique:  record ing  a r r i v a l  t imes  of t h e  shock wave a t  va r ious  
p o s i t i o n s  on t h e  end wa l l  on a  s e t  of c a r e f u l l y  synchronized o s c i l l o -  
scopes and conver t ing  t h e  a r r i v a l  t ime d i f f e r e n c e s  i n t o  displacements  
by mul t ip ly ing  by t h e  shock speed. T1,e sens ing  gages were s p e c i a l l y  
cons t ruc t ed  t h i n - f i l m  hea t  t r a c s f e r  gages ( s ee  appendix B) provid ing  
up t o  18  r a d i a l  d a t a  p o i n t s  a long a s i n g l e  r a d i u s  and a d d i t i o n a l  
p o i n t s  on o t h e r  r a d i i ,  inc luding  a s e t  of p o i n t s  extremely c l o s e  
t o  t h e  w a l l  f o r  use i n  t a e  viscosi ty-dominated regime. There were 
a l s o  symmetr ical ly  l o c a t e d  gages f o r  t h e  d e t e c t i o n  of  tilt, I n  
a d d i t i o n  t h e  e n t i r e  end p l a r e  could  be ro-cated t o  check on angular  
v a r i a t i o n  of  shock shape. I n  t h e  t r a n s v e r s e  wave regime, f o r  example, 
a quadran ta l  warp shows up which i s  r e l a t e d  t o  t h e  p e t a l i n g  of t h e  
diaphragm. I n  t h e  boundary l a y e r  regLme, however, t h e  shock shapes 
were almost p e r f e c t l y  axisymmetric.  See f i g u r e  1 . 2  f o r  a  schematic  
diagram of t h e  experimental  procedure. 

1.6 Pre l iminary  Comment on Curve-Tracing Technique 
- -
The s t anda rd  technique  used i n  t r a c i n g  curves  through exper i -  
mental  d a t a  p o i n t s  involves  drawj-ng t h e  smoothest,  s imp les t  curve 
p o s s i b l e  through t h e  v i c i n i t i e s  of t h e  d a t a  p o i n t s  o r  using a l e a s t  
squares  f i t  t o  a known func t ion .  Often neglec ted  i s  t h e  f a c t  t h a t  
t h e  s i z e  'of t h e  " v i c i n i t y t t  of a d a t a  p o i n t  is  determined by t h e  
accuracy and c e r t a i n t y  of t h e  measurement and t h a t  t h e  l e a s t  squares  
f i t  should always involve  a weighting func t ion  express ing  t h e  
r e l a t i v e  accu rac i e s  of t h e  va r ious  d a t a  p o i n t s .  Often t h e  weighting 
f u n c t i o n  v a r i e s  l i n e a r l y  over  t h e  range of  t h e  measurements. Many 
t imes  it i s  q u i t e  complex, e s p e c i a l l y  when ( a s  i n  t h e  p re sen t  c a s e )  
t h e  d a t a  p o i n t s  a r e  no t  independent.  Only under s p e c i a l  circum- 
s t ances  i s  t h e  weighting f u n c t i o n  a cons tan t  (which t h e r e f o r e  can 
be ignored) .  
A d i s t i n c t i o n  must be made between two d i f f e r e n t  t ypes  o f  p l o t s .  
I n  a p l o t  such as f i g u r e  111.6 t h e  d a t a  p o i n t s  from a g r e a t  number of 
shocks a r e  superimposed. If one were t o  draw a "mean" shock shape 
through t h i s  d a t a  it would not  n e c e s s a r i l y  go through t h e  c e n t e r  o f  
a l l  t h e  p o i n t s .  On t h e  o t h e r  hand, i n  a p l o t  such a s  f i g u r e  V.4 o r  
V . 8  t h e  d a t a  p o i n t s  f o r  each case  were obtained s imultaneously and 
p e r t a i n  t o  one p a r t i c u l a r  shock wave. The curves  drawn through them 
a t tempt ,  a s  c l o s e l y  a s  p o s s i b l e ,  t o  r ep re sen t  t h e  a c t u a l  shape o f  
t h a t  p a r t i c u l a r  shock. The next  shock under i d e n t i c a l  cond i t i ons  
might have a very s l i g h t l y  d i f f e r e n t  shape, bu t  t h a t  one shock has 
only  one t r u e  shape. The curve must t h e r e f o r e  pas s  w i th in  t h e  l i m i t  
of  e r r o r  of each d a t a  p o i n t .  I n  t h e s e  experiments t h a t  l i m i t  o f  
e r r o r  is a A(x/R) l e s s  than  The l i m i t  o f  r e l a t i v e  e r r o r  
between two ad jacen t  gages l o c a t e d  on t h e  same g l a s s  plug and 
recarded  on t h e  same o s c i l l o s c o p e  i s  even l a s s ,  Thus shock s lops  
measurements from two ad jacen t  gages a r e  very r e l i a b l e .  
A f e e l  f o r  t h e  g e n e r a l  shape of even t h e  complex shock shapes 
was ga ined  by observing o p t i c a l  s t u d i e s  of  shocks produced under 
s i m i l a r  cond i t i ons  and by imposing c e r t a i n  boundary and symmetry 
cond i t i ons ,  where app l i cab le .  
S ince  t h e  shock shapes i n  t h e  t r a n s v e r s e  wave regime could 
become q u i t e  complex, each has been drawn as t h e  most l i k e l y  shape,  
i n  t h e  l i g h t  of  t h e  above cons ide ra t ions ,  pass ing  through each d a t a  
. p o i n t .  
For a f u r t h e r  d i scuss ion  of d a t a  r educ t ion  technique ,  s e e  
appendix F. 
11. BOUNDARY LAYER REGIME: ThEORY 
11.1 Formulation of t h e  Problem 
--
Consider a  shock moving i n  a  t u b e .  Le-c t h e  coo rd ina t e  system 
be a t t a c h e d  t o  t h e  shock acd move wirh it and be a s  shown i n  f i g u r e  
11.1. Then a  d e t a i l  s k e ~ c h  o f  a  sma l l  segment o f  t h e  shock wi th  
s l o p e  dxsh/dr = o w i l l  be a s  show= i n  fFgure  11 .2 .  From t h e  l a t t e r  
it i s  ev iden t  t h a t  i f  o i s  sma l l ,  rhen t o  o r d e r  o  t h e  icduced 
v e r t i c a l  v e l o c i t y  behind t h e  shock w i l l  be g iven  by 
(Eqn. 2 . 1 )  
Here we have made t h e  above sma l l  ang le  assumption and,  c o n s i s t e n t  
w i th  it, have a p p l i e d  t h e  c o n d i t i o n  a t  x  = 0 i n s t e a d  o f  a t  t h e  
a c t u a l  shock p o s i t i o n .  Cnce v ( o , r )  i s  known, t h e n  x s h ( r )  may be 
determined by i n t e g r a t i o n  o f  equa t ion  2.1. The de te rmina t ion  o f  
v ( o , r )  i s  made by assuming i r r o t a t i o n a l  p o t e n t i a l  f low ( v a l i d  f o r  
sma l l  o )  i n  t h e  r eg ion  behind t h e  shock and c a l c u l a t i n g  v ( x , r )  
throughout  t h e  f i e l d  bounded by t h e  c e n t e r l i n e  o f  t h e  t u b e  and t h e  
f i c t i t i o u s  w a l l  l o c a t e d  a t  t h e  displacement  t h i c k n e s s  of  t h e  
laminar  w a l l  boundary l a y e r .  
I n  o r d e r  t o  complete t h e  problem, we need t h e  boundary condi- 
t i o n s  on v a t  t h e  o t h e r  edges of  t h e  region--along t h e  c e n t e r l i n e  
o f  t h e  t ube  and a t  t h e  wa l l .  The f i rs t  o f  t h e s e  i s ,  by symmetry, 
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simply 
We assume t h a t  t h e  equivalen-c i n v i s c i d  f low i s  p a r a l l e l  t o  t h e  
f i c t i t i o u s  "displacement th ickness"  w a l l  and t h u s  us ing  t h e  usua l  
s l e n d e r  body a p p o a c h  t h e  l a s t  boundary cond i t i on  becomes 
v(x,R) = U2 (Eqn. 2 . 3 )  
where, i n  t h e  laminar  c a s e ,  
69; = *" .'/2 (Eqn. 2 . 4 )  
Though t h e  a n a l y s i s  can be c a r r i e d  ou t  f o r  a more g e n e r a l  dependence 
of 6" on x ,  s o  a s  t o  apply a l s o  t o  t u r b u l e n t  boundary l a y e r s ,  it 
t u r n s  out  t h a t  only t h e  beginning of t h e  boundary l a y e r  s i g n i f i c a n t l y  
a f f e c t s  t h e  shock shape and throughout t h e  e n t i r e  regime i n  which t h e  
theo ry  has any v a l i d i t y ,  t h i s  p a r t  o f  t h e  boundary l a y e r  i s  e n t i r e l y  
laminar .  Thus t h e  a n a l y s i s  here  w i l l  be f o r  t h e  lamicar  ca se .  
11.2  Resu l t s  of  t h e  P o t e n t i a l  So lu t ion  
--
I n  a22endix D it w i l l  be shown t h a t  t h e  preceding  boundary con- 
d i t i o n s  a p p l i e d  t o  a  r eg ion  of  p o t e n ~ i a l  f low bekind thebskock l e a d  
t o  -the fo l lowing  s o l u t i o n  f o r  t h e  ver-iical v e l o c i t y  i n  The r eg ion :  
' 0 
This  i n  t u r n  l e a d s  t o  t h e  fo l lowing  shock shape: 
(Eqn. 2 .5)  
(Eqn. 2 .6 )  
1/ 2 
where Q = r / R  and rn = ( 1  - x z 2 )  . 
Thus we s e e  t h a t  t h e  shcck shapes a r e  s i m i l a r  f o r  a l l  f low con- 
d i t i o n s  w i th in  t h e  regime,  f o r  t h e  i n t e g r a l  which c o n t a i n s  r h e  v a r i a -  
t i o n  wi th  r does no t  con ta in  any f low v a r i a b l e s .  Thus i n  o r d e r  t o  
ana lyze  t h e  t h e o r e t i c a l  e f f e c t  o f  t h e  f low v a r i a b l e s ,  it i s  s u f f i c i e n ~  
t o  exp lo re  t h e i r  i n f l u e n c e  on t h e  a x i a l  e x t e n t  0 which i s  j u s t  
xsh f o r  ri = 1. 
I n  appendix E  t h e  shock shape i n t e g r a l  i s  eva lua t ed  and i t s  
va lue  v s .  ri l e a d s  t o  t h e  shape marked "boundary l a y e r  t h e o r y t q w h i c h  
appears  i n  many of t h e  f i g u r e s .  A t  n = 1 t h i s  i n t e g r a l  has  t h e  
va lue  2 .78 .  Thus t h e  a x i a l  e x t e n t  (non-dimensionalized wi th  r e s p e c t  
t o  t h e  t ube  r a d i u s )  i s  g iven  by 
I n  appendix D it w i l l  a l s o  be shown  ha^ t h e  r a d i u s  of  cui-va- 
t u r e  o f  t h e  shock a t  i t s  c e n t e r  can be c a l c u l a t e d  ( t h i s  q u a n t i t y  
i s  very  important  i n  o p t i c a l  r e f l e c t i v i t y  measurements, f o r  
example).  I ts  r e c i p r o c a l ,  t h e  cu rva tu re  a t  t h e  c e n t e r l i n e ,  i s  
g iven  by t h e  fo l l owing  express ion :  
The i n t e g r a l  i n  t h i s  express ion  i s  eva lua t ed  i n  appendix D and has  
t h e  va lue  6.38. Thus t h e  r a t i o  of  t h e  t ube  r c d i u s  t o  t h e  shock 
r a d i u s  of  cu rva tu re  a t  i t s  c e n t e r  i s  g iven  by 
Gl/t 
Il ( 2 )  (Eqn. 2 .8)  
d2xs h
d r  
Thus t h e  de te rmina t ion  of  t h e  t h e o r e t i c a l  a x i a l  e x t e n t  and t h e  
t h e o r e t i c a l  r a d i u s  o f  cu rva tu re  a t  t h e  c e n t e r l i n e  a r e  dependent on 
t h e  c a l c u l a t i o n  o f  t h e  same f u n c t i o n  of  t h e  f low v a r i a b l e s .  The 
- 
- u2A9: 
r = 0  2 ( 2 ~ m ) l / ~  ( U 1 - ~ 2 )  R ~ / ~  
problem then  reduces  b a s i c a l l y  t o  t h e  de te rmina t ion  of  t h e  d i q l a c e -  
ment t h i c k n e s s  c o e f f i c i e n t  A". 
11.3  Determi la t ion  of A", Fi-a1  Resc l r s  
- -- -  
If t h e  boundary l a y e r  equat ions  f o r  t h e  compressible f low 
behind a  shock wave on a  f l a t  p l a t e  (we ignore  xhe t r a n s v e r s e  
c u r v a t u r e )  a r e  t ransformed us ing  Stewartson (Ref .  1 4 )  v a r i a b l e s  
and p rope r ly  renormalized r o  el iminaxe Xach number dependence 
(approximately, of c o u r s e ) ,  then  t h e  Blas ius  equat ions  a r e  obta ined  
wi th  non-Blasius boundary cond i t i ons .  Since t h e  f low i s  compress- 
i b l e ,  any s o l u t i o n  must involve  t h e  energy equat ion .  The Crocco 
i n t e g r a l  r e l a t i o n  i s  used and t h e  p a r t i c u l a r  boundary cond i t i on  
chosen ( f o r  t h e  f i r s t  i ~ e r a t i o c )  t h a t  h, = h l .  ' I t  can be shown 
t h a t  t h e  v e l o c i t y  p r o f i l e  s o l u t i o n  obta ined  from t h i s  a n a l y s i s  i s  
exac t  on ly  i n  t h e  weak shock l i m i t .  Never the less ,  t h i s  a n a l y s i s  
due t o  Hartunian (Ref .  34)  i s  widely used. The r e s u l x i n g  express ion  
f o r  t h e  displacement t h i ckness  i s  
where 
and 
(Eqn. 2 . 1 1  a , b )  
Now t h e  above i s  a f a i r l y  complicated f u n c t i o n  of  Mach number. 
If,  however, we concern ou r se lves  p r i m a r i l y  wi th  Mach numbers 
g r e a t e r  t han  t h r e e ,  t hen  we may make s t rong  shock approximations,  
i n  p a r t i c u l a r  t h a t  
f o r  y = 5/3 
ul yi-lZ4 
--f 
U 2  Y-1 e ,g .  Argon 
and t h e  equat ion  f o r  A* s i m p l i f i e s  t o  
(Eqn. 2.12) 
(Eqn. 2.13) 
where we have in t roduced  t h e  undis turbed  Reynolds number which i s  
def ined  a s  
(Eqn. 2.14) 
The one term involv ing  t h e  v e l o c i t i e s  which we have no t  eva lua ted  has 
been l e f t  i n  o r d e r  t o  cance l  a r e c i p r o c a l  term i n  t h e  equat ion  f o r  
- ' It is  a t  t h i s  p o i n t  t h a t  t h e  assumptions made can g r e a t l y  a f f e c t  R ' 
t h e  Mach number dependence appearing i n  t h e  s o l u t i o n .  If one assumes 
t h a t  Tw = TI ,  t hen  t h e  square r o o t  Mach number dependence w i l l  
remain. I f ,  on t h e  o t h e r  hand, one assumes t h a t  some mean va lue  of 
t h e  temperature w i th in  t h e  boundary l a y e r  should b e t t e r  r e p r e s e n t  Tw 
i n  t h i s  equat ion ,  t hen  
and i f  we a r b i t r a r i l y  choose Q = 1 / 2 ,  ( t h e  r e s u l r  i s  not  v s ry  s e n s i -  
t i v e  t o  t h i s  choice)  and l i c e a r i z e  f o r  high Mach n ~ m b e r s  where 
T2 >> T i ,  t hen  T, 2 - : T 2  and 
Then t h e  equat ion  f o r  A$' becomes 
.*A l / 2  
A" = - .628 (Eqn. 2,171 
u2 
and t h e  Mach nurser dependence has been weakened. A phys i ca l  
p i c t u r e  of how t h i s  t a k e s  p l a c e  can be gained by cons ide r ing  t h e  
displacement t h i c k n e s s  t o  be t h e  sum of two s e p a r a t e  th icknesses- -  
one due t o  t h e  v e l o c i t y  p r o f i l e  (and f o r  t h e  shock t u b e  problem t h i s  
p a r t  i s  always n e g a t i v e )  and one due t o  t h e  temperature p r o f i l e .  i f  
it i s  assumed t h a t  T, = T i ,  t hen  t h e  co ld  w a l l  induces a  f low toward 
i t s e l f ,  thereby  i n c r e a s i n g  t h e  nega t ive  displacement t k i c k n e s s .  I f ,  
on t h e  o t h e r  hand, one assuaes  Tw > T 1 ,  t hen  t h i s  thermal  c o n t r i -  
bu t ion  i s  reduced.  A s  t h e  Mach number (and t h u s  T2) goes up, t h e  
w a l l  temperature d e v i a t e s  more and more fr7om T i ,  t h e r e f o r e  t h e  
negat ive  displacement t h i ckness  does not  grow a s  quick ly  with i n -  
c r eas ing  Mach number. 
When t h i s  r e s u l t  i s  s u b s t i t u t e d  i n  equat ion  2.7 and M 2  i s  computed 
from t h e  s t rong  shock l i m i t ,  t h e  f i n a l  express ion  f o r  t h e  a x i a l  ex-cent 
becomes 
This  i s  t h e  stFong shock i i m i t  f o r  argon ( o r  acy oxher rr,onoromi? 
g a s )  based on a  r a t h e r  simpleminded approach. i n  a c t u a l i t y  -c3e co- 
e f f i c i e n t  is no t  ,737 bu t  a  func t ion  05 Xach nuxSer and has k e n  
p lo- t ted  by de Boer based. on K l r e l s '  (Refs .  15,16,17)  boundary i a j i e r  
work. Using t h i s  p l o t  (F ig .  9 ,  Ref. 8 ) , we, f i n d  t h a t  over  t h e  e a t  i r e  
Mach number rznge of t h e s e  e x ~ e r i m t n t s  (a-mur 3 < X < 2-11 t h e  v a r i -  
a t i o n  i n  t h e  c o e f f i c i e n t  jus  - about cance l s  ou t  -th? w-1/2 power 
v a r i a t i o n  and t h e  a x i a l  e x t e n t  i s  inde-endent  of 3ach n u ~ b e r .  This  
r e s u l t  w i l l  be  adopted acd t h e  fo l lowing  express ion  f~>r  t h e  a x i a l  
e x t e n t  w i l l  be c o n s i s t e n t l y  used t o  r ep re sen t  t h e  theo ry  f o r   he 
boundary l a y e r  regime: 
The minus s i g n  has been dropped. 11s s i g n i f i c a n c e  was :ha1 t h e  
dev ia t ion  of t h e  shock from a  plarie was i n  t h e  nega t ive  x d i r e c - r i m .  
In  comparing t h e  e x p e r i a e n t a l  d a t a  wi th  t h e c r y ,  t h e  o r i g i n  w i i l  he 
p laced  always a t  t h e  c e n t e r  of  he shccic and x,h and 0 w i l l  be 
p o s i t i v e  i n  t h e  p o s i t i v e  x  o r  "up t h e  tube" (soward t h e  diaphragm) 
d i r e c t i o n .  
Using equat ion  2 .9  and equat ion  2 . 1 9 ,  one can d e t e r n i n e  t k e  
t h e o r e t i c a l  r a d i u s  of cuxvat?ire of t h e  shock a t  irs c e n t e r  t o  be: 
If t h e  boundary l a y e r  f o r  y = 7/51 ( e . g .  n i t r o g e n )  i s  c a l c u l a t e d ,  
an  equat ion  comparable t o  equarion 2.i8 i s  obta ined:  
It w i l l  be assumed t h a t  t h e  c o e f f i c i e n t s  of  equat ions  2.18 and 
2.2i a r e  i n  t h e  same r a t i o  a s  t h e  a x i a l  e x t e n t s  i n  argon and n i t r o g e n  
a t  a11 Mach numbers, and t h e r e f o r e  t h a t  an  equat ion f o r  n i t rogen  
comparable t o  equat ion  2.19 f o r  argon e x i s t s ,  i n  which case :  
Then f o r  t h e  c e n t r a l  r a d i u s  of  cu rva tu re  of  t h e  n i t r o g e n  shock, 
t h e  r e l a t i o n  i s :  
(Eqn. 2.23) 
Note t h a t  t h e  y dependence implied i n  t h e  above equat ions  is  
very c l o s e  t o  t h e  ( y - l )  dependence p red ic t ed  by Johnson on t h e  b a s i s  
of  a s p h e r i c a l  shape. I n  f a c t ,  equa t ions  2.19 and 2 .22  can be 
combined i n t o  one equa-cion which shocld  appzoximately r e p r e s e n t  t h e  
boundary l a y e r  t heo ry  f o r  a l l  ga ses :  
(Eqn. 2.24) 
111. BOUNDARY LAYER REGIKE: EXPERIMENTS A X 3  RESULTS 
111.1 Shock Shapes: 
-- 
With T;lo?y 
-- 
The d a t a  from 22 shock tube  r u m  i s  p l o t t e d  i n  f i g u r e  111.1 
along wi th  t h e  t h e o r e t i c a l  curve.  Considering a l l  t h e  assumptions 
i n  t h e  theo ry ,  t h e  agreement i s  a s  good a s  can be expected. 
The t h e o r e t i c a l  shape reaches  a phys i ca l ly  impossible  p o i n t  of  
tangency wi th  t h e  w a l l  a t  
( x / R ) R , ~ / ~  = 1 .13  (from Eqn. 2.19) 
while  t h e  a c t u a l  shape approaches t h e  wa l l  a t  a  f i n i t e  angle .  This  
angle  of i n t e r s e c t i o n  wi th  t h e  wa l l  i s ,  of cou r se ,  d i s t o r t e d  by t h e  
s t r e t c h i n g  of t h e  x/R coord ina t e  i n  t h e  normal iza t ion .  The shock 
shape f o r  p l  = 10p Hg i s  r e p l o t t e d  t o  t r u e  s c a l e  i n  f i g u r e  111.2 
--
along wi th  t h e  corresponding t h e o r e t i c a l  shape. The shock th i ckness  
a s  determined from t h e  r i s e - t i m e  of t h e  hea t  t r a n s f e r  s i g n a l  i s  a l s o  
shown on t h i s  p l o t .  
Up t o  pl  = 1 7 0 ~  Hg, t h e r e  i s  a  c o c s i s t e n t  approach t o  t h e  
t h e o r e t i c a l  curve a s  p l  i s  increased .  A t  h igher  p r e s s u r e s ,  however, 
t h e  shocks a r e  not  completely axisymmetric and t h e  shape can d e v i a t e  
e i t h e r  above o r  below t h e  t h e o r e t i c a l  curve depending on t h e  angu la r  
l o c a t i o n  of t h e  r a d i u s  along which t h e  neasurements a r e  taken .  The 
I 
d e v i a t i o n s  a l s o  depend on o t h e r  f a c t o r s ,  such a s  t h e  Mach numbers, 
t h e  diaphragm conf igu ra t ion ,  and t h e  t u b e  l eng th .  These d e v i a ~ l o n s ,  
which a r e  j u s t  n o t i c e a b l e  aT 3 0 0 ~  Hg a r e  q u i t e  pronounced a t  500p Hg 
and a r e  huge above a p re s su re  of  1 nm Hg. This  i s  t h e  t r a n s i t i o n  
r eg ion  t o  t h e  t r a n s v e r s e  wave regime and thus  d a t a  f o r  runs  above 
p1 = 170~ Hg will no t  be f u r t h e r  d i scussed  i n  This  chap te r .  

FlG. a. 2
TRUE SCALE EXPE2IMENSAL 
SHOCK ShAPE AT PI = iO+ Hg (ARGON) 
($41 = 8.8) 
Var ia t ion  of "Axial Extent" With I?e 
- -  
Using th in - f i lm  hea t  t r a n s f e r  gages f l u s h  wi th  t h e  end wa l l  of 
t h e  shock tube ,  it i s  p o s s i b l e  t o  measure shock shapes ou t  t o  wi th in  
about 1 mm of  t h e  s i d e  w a l l  (depending on how s n a l l  one can ~ , a k e  t h e  
f i l m  and how a c c u r a t e l y  it can be l o c a t e d ) ,  bu t  s i n c e  t h e  f i l m  must 
be i n s u l a t e d  from t h e  wa l l s ,  it i s  impossible  t o  measure t h e  shape 
a l l  t h e  way t o  t h e  wal l .  Therefore i n  o rde r  t o  avoid  t h e  n e c e s s i t y  
f o r  e x t r a p o l a t i o n  and t h e  consequent i n t r o d u c t i o n  of  e p r o r ,  t h e  
a x i a l  e x t e n t  ou t  t o  some a r b i t r a r y  ~ e r c e n t a g e  of t h e  r a d i u s  w i l l  
a c t u a l l y  be used f o r  comparison wi th  t h e  theory .  This  has  t h e  addi -  
t i o n a l  advan-cage t h a t  a t  -ome po in t  away from t h e  wa l l  t h e  theo ry  
i s  l e s s  a f f e c t e d  by i t s  " i n c o r r e c t  boundary condi t ion"  a t  t h e  wa l l .  
For t h i s  purpose 80% of t h e  r a d i u s  has been a r b i t r a r i l y  s e l e c t e d  
and a q u a n t i t y  Ax(.8) i s  def ined  i n  f i g u r e  111.3. In  t h e  boundary 
l a y e r  and viscosi ty-dominated regimes t h i s  q u a n t i t y  i s  simply equal  
t o  xsh( r /R=.8) ,  but  it has been def ined  i n  such a  way as t o  have a  
more g e n e r a l  meaning which w i l l  be important  i n  t h e  t r a n s v e r s e  wave 
regime where t h e  shock shapes a r e  comglex. I n  f i g u r e  111.4 t h i s  
q u a n t i t y  i s  p l o t t e d  vs .  i n i t i a l  p re s su re .  

FIG. a.4 
111.3 E f f e c t  of  Mach Number 
-- 
The a n a l y s i s  of chap te r  I1 p r e d i c ~ s  t h a t  t h e  normalized s tock  
shape w i l l  be independent of  a i l  f low v c r i d b l e s  and t h a t  t h e  a x i d  
e x t e n t  w i l l  be independent of Mach number w i th in  -the range  3 < M <11. 
Then s h o t s  a t  d i f f e r e n t  Mach numbers but  o therwise  i d e n t i c a l  condi- 
t i o n s  should produce i d e n x i c a l  shock shapes.  I n  o r d e r  t o  t e s t  t h i s  
independence of Mach number a  s e r i e s  of s h o t s  were made i n  argon a t  
10v Hg with i d e n ~ i c a l  diaphragm conf igu ra t ions ,  bu-L wi th  h a l f  t h e  
s h o t s  using helium a s  t h e  d r i v e r  gas  r e s u l t i n g  i n  M = 9.1  and h a l f  
t h e  s h o t s  us ing  n i t rogen  i n  t h e  d r i v e r ,  y i e l d i n g  M = 6.4 .  The r e -  
s u l t s  a r e  p l o t t e d  i n  f i g u r e  111.5 ,  each d a t a  p o i n t  shown being t h e  
average over  a l l  t h e  s h o t s  a t  t h a t  Xach numbel a t  t h e . i n d i c a t e d  
r a d i a l  p o s i t i o n .  The use  of more than  one shot  a t  each Mach number 
was n e c e s s i t a t e d  by t h e  random f l u c t u a t i o n  i n  shock shape noted by 
Duff and l a t e r  by Johnson. Though such f l u c t u a t i o n  i s  very  smal l  
a t  lop  Hg (which i s  why t h a t  p re s su re  was chosen f o r  t h e  t e s t )  it i s  
s t i l l  l a r g e r  t han  t h e  v a r i a t i o n  due t o  "ach number. 
The r e s u l t s  of t h e  t e s t  show t h e  shock a t  t h e  lower Mach number 
t o  have a cu rva tu re  apparent ly  very s l i g h t l y  l a r g e r  t han  a t  t h e  
h igher  Mach number. The d i f f e r e n c e  i s  so  s l i g h t ,  however, t h a t  it 
i s  e a s i l y  w i th in  t h e  expected s - c a t i s r i c a l  v a r i a t i o n .  I f  100 s h o t s  
were made a t  each Mach number and such a  d i f f e r e n c e  remained, t hen  
it could s a f e l y  be a t t r i b u t e d  t o  t h e  Mach number. A s  it i s ,  t h e  only  
conclus ion  t h a t  can be drawn i s  t h a t  i f  t h e r e  i s  an  2ffec-t due t o  
Mach number, it i s  extremely smal l .  The t h e o r e t i c a l l y  p red ic t3d  
independence of Mach number i s  "herefore ,  f o r  a l l  prac-cical purposes,  
conf imned. 
? 
- 
~f Qc 
FIG. E . 5  
111.4 Miscel laneous Geometrical E f f e c t s  
In  t h e  preceding s e c t i o c s ,  t h e  e f f e c t s  of  Re and M have been 
covered,  bo th  t h e o r e t i c a l l y  and experimeneal ly.  The inf luerAce  of w 
has only been p a r t i a l l y  taken  i n t o  account .  The e f f e c t  of y a s  
g iven  i n  equat ion  2.24 has not   bee^ v e r i f i e d .  S ince  t h e  theo ry  
involves  only  t h a t  cu rva tu re  caused by t h e  v e r t i c a l  v e l o c i t y  induced 
by t h e  boundary l a y e r ,  t h e  shock shape p r e d i c t e d  i s  independent of 
t h e  diaphragm conf igu ra t ion ,  t h e  b l ades  used t o  r u p t u r e  t h e  dia?hragm, 
t h e  l e n g t h  of t h e  tube ,  e t c .  I n  o r d e r  t o  eva lua t e  t h e  a c t u a l  e f f e c t  
of t h e s e  d e t a i l s ,  a  s e r i e s  of  s h o t s  a t  an i n i t i a l  p r e s s u r e  of 1 0 0 ~  Fig 
was made, using va r ious  combinations of  t h e  above mentioned geometr ic  
d e t a i l s .  The r e s u l t s  of  t h i s  t e s t  a r e  p l o t t e d  in f i g a r e  111.6. 
Enclosed i n  t h e  r e c t a n g u l a r  markicgs a r e  a l l  t h e  d a t a  p o i n t s  f o r  
t e s t s  us ing  t h e  f u l l  l e n g t h  of t h e  shock t u b e ,  t h e  r a t i o  of  t u b e  
l e n g t h  t o  r a d i u s  being 96. These t e s t s  inc luded  t h e  fo l lowing  
v a r i a t i o n s :  
( 1 )  Diaphragm m a t e r i a l .  Thickness v4r ied  between .006 and 
.020 inches  of  aluminum. 
( 2 )  Blade shape.  Two s e t s  of k n i f e  edges were used t o  r u p t u r e  
t h e  diaphragms. One curves deeply away from t h e  diaphragm 
i n  t h e  c e n t e r  i n  o rde r  t o  a l low t h e  diaphragm t o  bulge 
o u t  cons iderably  under t h e  p re s su re  d i f f e r e n c e  be fo re  
con tac t ing  t h e  b lades  and b u r s t i n g .  The o t h e r  s e t  o f  
b l ades  i s  f l a t  and, f o r  t h e  same diaphragm m a t e r i a l ,  causes 
r u p t u r e  a t  a  sma l l e r  p re s su re  d i f "  L erence .  
(3 )  Diaphragm a p e r t u r e .  For s e v e r a l  of t h e  sho r s  p a r t  of t h e  
diaphragm s e c t i o n  was blocked o f f ,  c r e a t i n g  an a r e a  d i s -  
c o n t i n u i t y  a t  t h e  diaphragm. Fc-? p a r t  of t h e s e  s h o t s  t h e  
t o p  h a l f  of t h e  tube  was blocked and f o r  o t h e r s  t h e  lower 
h a l f  was blocked. Thus f o r  t h e  same a r e a  r a t i o  t h e r e  
were d i f f e r e n t  asymmetrical c o n f i g u r a t i o n s ,  The remainder 
of t h e  s h o t s  were made wi th  t h e  e n t i r e  t u b e  unblocked. 
The p a r t i a l  diaphragm c c n f i g u r a t i o n  and technique  w i l l  be 
t r e a t e d  more f u l l y  i n  tLe  next  chap te r .  
(4) Driver  p r e s s u r e  and Mach n m b e r .  A s  a  conseqbence of  t h e  
above v a r i a t i o n s  i n  geometry, d r i v e r  p r e s s u r e  and Mach 
number v a r i e d .  Since t h e i r  t h e o r e ~ i c a l  e f f e c r  i s  a l s o  
n i l ,  no a t tempt  w5.s made t o  prevent  t h i s  v a r i a t i o n .  
A s  can be seen from f i g u r e  111.6, a l l  t h e  shock shapes through- 
o u t  t h e s e  t e s t s  a t  L/R = 96 were i d e n t i c a l .  There d i d  not  even seem 
t o  be any i n c r e a s e  i n  t h e  random v a r i a r i o n  p re sen t  i n  s h o t s  produced 
under i d e n t i c a l  cond i t i ons .  The d a t a  p o i n t s  which dev ia t ed  t h e  mosr 
were those  n e a r e s t  t h e  wa l l  when t h e  diaphragm was blocked asya- 
m e t r i c a l l y ,  and t h e  maximum displacement of t h e s e  dara  p o i n t s  from 
t h e  o t h e r  p o i n t s  was only  2/10 of a  mm. ' 
The d a t a  p o i n t s  i n  t h e  c i r c l e s  and t r i a n g l e s  a r e  f o r  s h o t s  made 
wi th  t h e  tube  shor tened  t o  a l low l e s s  ~ i m e  f o r  damping of d i s t u r b -  
ances from t h e  diaphragm. For L/R = 42 .8  we s e e  t h a t  a  s l i g h t  tilt 
has been in t roduced ,  t h e  da t a  p o i n t s  being d i sp l aced  a s  much a s  1 mm 
from t h e  normal p o i n t s .  A s  t h e  t ube  i s  shor tened  f u r t h e r ,  it i s  
evident  t h a t  a complex "wiggly" shape i s  superimposed on t h e  normal 
equi l ibr ium shock shape.  These r e s u l t s  i n d i c a t e  t h a ~  i t  is  p o s s i b l e  
t o  pas s  i n t o  t h e  t r a n s v e r s e  wave regime by zhor ten ing  t h e  tube  a s  
w e l l  a s  by inc reas ing  t h e  i n i t i a l  p re s su re .  How t h e s e  a r e  connected 
w i l l  be d iscussed  i n  d e t a i l  i n  chap te r s  V I I  and V I I I .  
I t  i s  concluded t h a t  a s  long a s  t h e  shock tube  i s  operaxed 
wi th in  t h e  boundary l a y e r  regime, upstream geometry and cia2hragm 
conf igu ra t ions  have no s i g n i f i c a n t  e f f e c t  on t h e  shock shape.  
Moreover it appears  l i k e l y  t h a t  t h e  smal l  ~andom v a r i a t i o n  i n  shock 
shape which does e x i s t ,  s i n c e  it i s  c o t  i nc reased  apprec i ab ly  by 
a r t i f i c i a l l y  varying t h e  diaphragm r u p t u r e  shape,  i s  due t o  some 
s t a t i s t i c a l  p roces s  such a s  t h e  t u r b ~ l e n t  mixing i n  t h e  c o n t a c t  
reg ion .  I f  t h i s  i s  t h e  case ,  then  even i f  a  shock tube  were i n f i -  
n i t e l y  long ,  a s s u r i n g  t h e  d a ~ p i n g  of  a l l  waves o r i g i n a t i n g  a t  t h e  
diaphragm, t h e  random v a r i a t i o n  i n  shock shape a t  low ppessures  
(admi t ted ly  very  sma l l )  would s t i l l  p e r s i s t .  
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MiSCELLANEOUS GEOMETRIC EFFECTS OF4 
SHOCK SHAPE IN BOUNDARY LAYER REGIME 
(ARGON, PI = 100 p Hg) 
I V .  VISCOSITY-DONINATED REGIME 
A d e s c r i p t i o n  of some of t h e  d i f f i c u l t i e s  which must be faced  
by a  g e n e r a l  theory  of  shock shape i n  -the low p r e s s u r e  v iscos ixy-  
dominated regime has been g iven  i n  s e c t i o n  1 .3 .1 .  Only one of  t hose  
d i f f i c u l t i e s  has been faced t h e o r e t i c a l l y  t hus  f a r - - t h a t  of t h e  
i n t e r a c t i o n  between t h e  shock and t h e  boundary l a y e r  which it induces.  
This  problem was conzidered a s  an o r d e r  of  magnitude c o r r e c t i o n  t o  
t h e  a x i a l  ex t en t  by de Boer. H i s  approximate a n a l y s i s  was undertaken 
t o  exp la in  smal l  d e v i a t i o n s  from t h e  theo ry  a t  t h e  lower end of t h e  
boundary l a y e r  regime. A more ambit ious a n a l y s i s  of t h i s  i n t e r -  
, 
a c t i o n  r eg ion  was performed by S i c h e l  (Ref.  1 3 ) ,  i n  which he g e t s  
an approximate s o l u t i o n  by l i n e a r i z i n g  both t h e  boundary l a y e r  
equat ions  and t h e  t r a n s o n i c  equat ions  and matching t h e  s o l u t i o n s  i n  
t h e  v iscous  shea r  l a y e r  and i n  t h e  non-Hugoniot shock. H i s  l i n e a r i -  
z a t i o n  l i m i t s  t h e  a p p l i c a b i l i t y  of t h e  r e s u l t s  t o  Mach numbers below 
about 1 . 2  and h i s  geometry (two-dimensional) and o t h e r  r e s t r i c t i n g  
assumptions do no t  we l l  r ep re sen t  cond i t i ons  i n  t h e  shock tube .  
Nonetheless ,  h i s  work i s  an inva luab le  f i r s t  s t e p  toward t h e  s o l u t i o n  
of  t h i s  d i f f i c u l t  problem. Perhaps t h e  few experimental  r e s u l t s  
p re sen ted  he re  w i l l  spur  f u r t h e r  work, both t h e o r e t i c a l  and expe r i -  
mental ,  i n  t h i s  a r e a .  
These experiments a r e  d e f i n i t e l y  exp lo ra to ry  i n  n a t u r e .  The 
in s t rumen ta t ion  was pushed t o  i t s  l i m i t  i n  many r e s 2 e c t s  and measured 
q u a n t i t i e s  cannot be determined wi th  t h e  accuracy p o s s i b l e  i n  t h e  
experiments  i n  t h e  o t h e r  regimes.  For  example, measurements of 
i n i t i a l  p r e s s u r e s  of .001 mm Hg (1p Hg) and .0005 mm fig (1 /2  L fig) 
a r e  probably a c c u r a t e  on ly  t o  w i t h i n  10% t o  20%, whereas measure- 
ments of much h ighe r  p r e s s u r e s  have about t h e  same a b s o l u t e  uncer- 
t a i n t y ,  making t h e  r e l a t i v e  o r  percentage  e r r o r s  much l e s s .  A t  
t h e s e  extreme low p r e s s u r e s  t h e r e  i s  probably s i g n i f i c a n t  contami- 
n a t i o n  of t h e  t e s t  g a s  ( a rgon)  wi th  water  vapor,  o i l  vapor ,  and 
t r a c e s  o f  a i r  ( l e a k  r a t e  of t h e  t u b e  was about 5 x mm Hg/min). 
Thus while  t h e  shock shapes were measured wi th  cons ide rab l e  accuracy ,  
t h e  p r e s s u r e  and g a s  t o  which t h e s e  shapes correspond i s  no t  known 
wi th  g r e a t  p r e c i s i o n .  
It has  been shown t h a t  i f  t h e  shock shape i s  normalized wi th  
r e s p e c t  t o  t h e  t u b e  r a d i u s  and a p rope r ly  t iefined Reynolds number 
(which i s  p r o p o r t i o n a l  t o  t h e  i n i t i a l  p r e s s u r e )  t h e  shock shapes 
f o r  a l l  cond i t i ons  i n  t h e  boundary l a y e r  regime f a l l  on a s i n g l e  
t h e o r e t i c a l  curve.  F igure  I V . l  i s  a p l o t  of  t h e  shock shapes i n  
t h e  viscosi ty-dominated regime. I t  shows t h a t  a s  t h e  i n i t i a l  
p r e s s u r e  i s  lowered, t h e  shock shape d e p a r t s  f u r t h e r  from t h e  theo-  
r e t i c a l  curve.  The a x i a l  e x t e n t  vs .  j n i t i a l  p r e s s u r e  i s  p l o t t e d  i n  
f i g u r e  IV.2 without  having been normalized wi th  r e s p e c t  t o  t h e  
Reynolds number. This  p l o t  shows t h a t  down t o  about 3u Hg t h e  
i n v e r s e  square  r o o t  p r e s s u r e  law is  fol lowed f a i r l y  we l l ,  t h e  shock 
e x t e n t  being l e s s  t h a n  p r e d i c t e d  by boundary l a y e r  t heo ry ,  bu t  s t i l l  
inc reas ing  a s  t h e  p r e s s u r e  i s  lowered. Then a s  t h e  p r e s s u r e  i s  
reduced beyond 1 p  Hg we s e e  t h a t  t h e  shock cu rva tu re  has  appa ren t ly  
reached a maximum. Thus i n  t h e  GALCIT 17" shock tube  (and,  we would 
expec t ,  i n  any o t h e r  t ube  of  s i m i l a r  r a d i u s )  t h e  upper l i m i t  o f  t h e  
" f u l l y  developed" viscosi ty-dominated regime i s  about 1~ Hg. Above 
t h i s  p r e s s u r e  t h e r e  is a very g radua l  t r a n s i t i o n  t o  t h e  boundary 
l a y e r  regime . 
Figure  IV.3 i s  a p l o t  of t h e  shockgc p r o f i l e  a t  . 5 ~  Hg, showing 
both t h e  shape and th i ckness  of t h e  shock. On t h e  same p l o t  i s  a 
graph r e f l e c t i n g  t h e  shock s t r e n g t h  v a r i a t i o n  between t h e  tube  
c e n t e r l i n e  and t h e  wal l .  I t  is  seen  t h a t  t h e  shock s t r e n g t h  drops 
o f f  t o  we l l  below i t s  c e n t r a l  va lue  we l l  ou t  i n  t h e  tube ,  then  
decreases  r a p i d l y  toward ze ro  i n  a sub-layer  of t h e  boundary l a y e r  
at  t h e  wal l .  Note t h a t  i n  t h i s  experiment t h e  shock t h i c k n e s s  a t  
. i t s  c e n t e r  is o f  t h e  o r d e r  o f  t h e  r a d i u s  of t h e  tube ,  
The shape of t h e  response of t h e  th in - f i lm  hea t  t r a n s f e r  gage 
is  markedly d i f f e r e n t  a t  t h e s e  extreme low p res su res  a l s o .  In s t ead  
of t h e  smooth response resembling t h e  i d e a l  Navier-Stokes p r o f i l e  
which i s  obta ined  a t  a l l  h igher  p r e s s u r e s ,  t h e  gage a t  t h e s e  pres -  
s u r e s  produces a response wi th  an  almost d i scont inuous  i n c r e a s e  
i n  s l o p e  about  halfway t o  i t s  peak. This  response is shown i n  
f i g u r e  IV.4 and may be an  i n d i c a t i o n  t h a t  t h e  con tac t  s u r f a c e  is  
p a r t i a l l y  overlapping t h e  shock. 
.*. 
"As noted on page 15,  t h e  words "shock" and "boundary l aye r "  a r e  
used l o o s e l y  i n  t h i s  regime. This  is p a r t i c u l a r l y  t r u e  a t  t h e  lowest  
p re s su re s  where such t e r n s  a r e  r e a l l y  i nappropr i a t e  f o r  desc r ib ing  
t h e  complex non-equilibrium zones encountered. 
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V. TRANSVERSE WAVE IPEGIME: EXPLORATORY EXPERIPIENTS 
V . l  Departure  From Boundary Layer Theory 
- -
I n  chap te r  111 it was noted t h a t  t h e  shock shape begins  t o  
d e v i a t e  from theo ry  a s  e i t h e r  ( 1 )  t h e  i n i t i a l  pTessure i s  r a i s e d  o r  
( 2 )  t h e  t ube  i s  shor tened .  A l l  t h e  experiments  r e p o r t e d  i n  t h i s  
chap te r  took p l a c e  over  t h e  f u l l  l e n g t h  o f  t h e  t u b e ,  and i n  argon.  
Thus t h e r e  is  a  one-to-one correspondence between t h e  i n i t i a l  p r e s -  
s u r e  and t h e  Reynolds number. I n  t h e  t e x t  and i n  t h e  t i t l e s  o f  
graphs t h e  term "pressure"  or7 " i n i t i a l  p ressure"  i s  g e n e r a l l y  used 
s o  t h a t  a p h y s i c a l  " f ee l s '  f o r  t h e  c o n d i t i o n s  i s  r e t a i n e d  a s  much a s  
p o s s i b l e .  The independent v a r i a b l e  on t h e  g raphs ,  however, is g iven  
both  ways s o  t h a t  t h e  d a t a  may be  used a s  a  gu ide  t o  s h o t s  i n  o t h e r  
t u b e s .  Even though t h e  Reynolds number i s  t h e  proper  independent 
v a r i a b l e  f o r  t h e  boundary l a y e r  t heo ry ,  it should n o t  be expected 
t h a t  d e p a r t u r e s  from t h e  t heo ry  w i l l  a l s o  be u n i v e r s a l  f u n c t i o n s  of  
t h i s  same Reynolds number. The proper  u n i v e r s a l  f u n c t i o n s  w i l l  be 
developed i n  l a t e r  chap te r s  on t h e  b a s i s  of  t h e  exper imenta l  r e s u l t s .  
F igure  V . l  shows t h e  v a r i a t i o n  o f  shock e x t e n t  [Ax(.8) t o  be 
s p e c i f i c ]  wi th  i n i t i a l  p r e s s u r e .  F igure  V.2 shows t h e  tilt of  t h e  
shock a t  t h e  c e n t e r l i n e  o f  t h e  t ube  which a r i s e s  i n  t h e  t r a n s v e r s e  
wave regime a s  t h e  a x i a l  symmetry i s  l o s t .  This  l o s s  of  a x i a l  
symmetry and r e s u l t a n t  tilt i s  due t o  asymmetr ical  d i s t u r b a n c e s  a t  
t h e  diaphragm, e i t h e r  n a t u r a l  o r  induced. 
The succeeding two f i g u r e s ,  V . 3  and V.4, show t y p i c a l  n a t u r a l  
shock shapes a t  r e p r e s e n t a t i v e  i n i t i a l  p re s su re s  w i th in  t h e  
t r a n s v e r s e  wave regime. 

FIG. X.2 
OF SUEE vs IN;"TSAL PRESSURE 
FIG. Z.3 
TYPICAL SHOCK SHAPE AT PI = l mrn Hg 
(ARGON, R, = 6480) 
FIG. XI.$ 
TYPICAL SHOCK SHAPE AT PI = 3 rnm Hg 
(ARGON, R, = 19,450) 
V.2 P a r t i a l  Diaphragm Experiments 
-
The shock shapes recorded i n  t h e  experiments r epo r t ed  i n  t h e  
last s e c t i o n  were unexpla inable  i n  terms of  t h e  boundary l a y e r .  
Since t h e r e  were no windows, p r o t r u s i o n s ,  o r  i r r e g u l a r i t i e s  i n  t h e  
shock tube ,  t h e  s ea rch  f o r  a source  of  d i s tu rbance  narrowed t o  t h e  
con tac t  s u r f a c e  and t h e  diaphragm. I t  seemed reasonable  t h a t  i f  
t h e  diaphragm opening t ime was r e s2ons ib l e  f o r  t h e  d e v i a t i o n  from 
boundary l a y e r  theory  and i f  t h e  smal l  asymmetry i n  t h i s  opening 
process  caused t h e  asymmetry of t h e  shock, t hen  it should be p o s s i b l e  
t o  produce shocks wi th  much g r e a t e r  asymmetry by a r t i f i c i a l l y  i n -  
ducing g r e a t e r  asymmetry i n  t h e  diaphragm opening and t h u s  i n  t h e  
shock formation process .  
This  a r t i f i c i a l  asymmetry was achieved by blocking o f f  p a r t  o f  
t h e  diaphragm s e c t i o n  by s t r e t c h i n g  shee t  me ta l ,  many t imes  t h i c k e r  
t han  t h e  diaphragm, between t h e  k n i f e  b l ades ,  a s  shown i n  f i g u r e  V . 5 .  
The rup tu red  diaphragm which r e s u l t s  from t h i s  technique  i s  shown 
i n  f i g u r e  V.6.  The decreased c r o s s - s e c t i o n a l  a r e a  of t h e  diaphragm 
s e c t i o n  and t h e  increased  b u r s t i n g  p re s su re  r e s u l t i n g  from t h e  
technique  o f f s e t  one another  t o  produce t h e  same Nach number (w i th in  
a few p e r c e n t )  shock a s  i s  produced with t h e  normal f u l l  diaphragm. 
The r e s u l t a n t  shock shape i s  shown i n  f i g u r e s  V . 7  and V.8. A 
marked and r e p e a t a b l e  e f f e c t  was achieved.  The s c a t t e r  i n  t h e  shock 
shapes us ing  t h e  p a r t i a l  diaphragm technique  was, i n  f a c t ,  no 
l a r g e r  t han  t h a t  f o r  t h e  f u l l  diaphragm s h o t s .  This  seems t o  be 
t h e  first experimental  proof t h a t  d i s tu rbances  caused by t h e  diaphragm 
b u r s t i n g  conf igu ra t ion  cont inue  downstream f o r  many d iameters  (48 
i n  t h i s  c a s e ) ,  f a r  p a s t  t h e  c l a s s i c a l  "shock formation d is tance" .  
I t  can a l s o  be noted t h a t  a  s t eady  s t a t e  explana t ion  of  t h e  shock 
shapes based on a  non-planar con tac t  s u r f a c e  being t h e  d r i v i n g  
p i s t o n  is not  i n  agreement wl th  observa t ion .  I n  t h e  p a r t i a l  
diaphragm sho t  of  f i g u r e  V . 7 ,  f o r  example, s i n c e  t h e  top  p a r t  of 
t h e  diaphragm s e c t i o n  was blocked, one would expect  t h e  con tac t  
s u r f a c e  and i n i t i a l  shock shape t o  bulge fhrward more a t  t h e  bottom 
of  t h e  tube  than  a t  t h e  t o p .  If t h i s  were a  s t eady  ( i n  shock-fixed 
coord ina t e s )  e f f e c t ,  t h i s  shape should p e r s i s t ,  q u a l i t a t i v e l y  a t  
l e a s t ,  down t h e  tube .  The a c t u a l  shape,  however, i s  j u s t  t h e  
oppos i t e ,  bulging forward more a t  t h e  t o p  p a r t  o f  t h e  tube ,  
sugges t ing  t h a t  t h e  shape is  due t o  non-steady d i s tu rbances  which 
r e f l e c t  a c r o s s  t h e  t u b e  causing t h e  shock shape t o  o s c i l l a t e .  
FIG. V . 5  
PARTIAL DIAPHUGM EXPERIMENT: BLOCKING TECHNIQUE 
PARTIAL DIAPHRAGM EXPERIMENT: RUPTURED DIAPHRAGM 

FIG. E.8 
EFFECT OF PARTIAL DIAPI4RAGM AT 
PI = 10 mmHg,  (ARGON, M ~ ' 3 . 5  & = 64,800) 
V . 3  E f f e c t  of Blade S h a ~ e  
- L 
I n  t h e  GALCIT 17'' shock tube ,  t h e  diaphragm i s  ruptured  auto-  
m a t i c a l l y  when t h e  p re s su re  d i f f e r e n c e  a c r o s s  t h e  diaphragm f o r c e s  
it a g a i n s t  a s e t  of c ros sed  k n i f e  b lades .  This  arrangement,  f i r s t  
r e p o r t e d  by Roshko & Baganoff (Ref .  1 8 )  and l a t e r  by Liepmann, 
Roshko, Coles,  and S tu r t evan t  (Ref. l 9 ) ,  has been modif ied and 
improved s i n c e  t h e  above d e s c r i p t i o n s  were publ i shed .  One o f  t h e s e  
mod i f i ca t ions  involved provid ing  a s e t  of in te rchangeable  k n i f e  
b l ades  of v a r i o u s  shapes.  These b l ades  were designed s o  t h a t  t h e  
diaphragm would be i n  con tac t  with t h e  f u l l  l eng th  of t h e  c u t t i n g  
edges a t  t h e  t ime of b u r s t ,  r a t h e r  t han  j u s t  wi th  t h e  c e n t e r  of 
t h e  b lades .  With t h e  same diaphragm m a t e r i a l  and t h i e k n e s s ,  t h e n ,  
t h e  more deeply curved b lades  w i l l  cause diaphragm r u p t u r e  a t  a  
h ighe r  d i f f e r e n t i a l  p re s su re .  
Since diaphragm d i s tu rbances  a f f e c t  t h e  shock shape, it becomes 
of  i n t e r e s t  t o  know i f  t h e  bu r s t ing  conf igu ra t ion  can be optimized 
f o r  minimum d i s tu rbance .  For example, t h e  same d r i v e r  p re s su re  and 
hence Mach number can be obta ined  ( o t h e r  t h i n g s  being i d e n t i c a l )  by 
us ing  a  f l a t  k n i f e  b lade  and a  t h i c k  diaphragm o r  by us ing  a deeply 
curved k n i f e  b l ade  and a  t h i n  diaphragm. Since t h e  t h i c k e r  diaphragm 
w i l l  have t h e  g r e a t e r  opening t ime,  t h e  advantage of  t h e  f l a t t e r  
shape a t  b u r s t  i n i t i a t i o n  tends  t o  be o f f s e t  and it i s  not  obvious 
which conf igu ra t ion  should r e s u l t  i n  l e s s  d i s tu rbance  t o  t h e  shock, 
An experiment was performed t o  answer t h i s  ques t ion .  Blade 
shapes and diaphragm th i cknesses  were chosen s o  a s  t o  produce t h e  
same ,bu r s t ing  p re s su re  and Mach number, f i r e d  i n t o  t h e  same t e s t  
gas .  The counter  readings  which a r e  converhed i n t o  shock speed 
and Mach number were i d e n t i c a l  f o r  t h e  two c a s e s ,  t h u s  t h e  Mach 
numbers were i d e n t i c a l  t o  w i th in  1 /2  of  one pe rcen t .  The r e s u l r i n g  
shock shapes a r e  shown i n  f i g u r e  V . 9 .  
The unsteady n a t u r e  of t h e  shock shapes l i m i t s  t h e  q u a n t i t a -  
t i v e  s i g n i f i c a n c e  of  t h e  r e s u l t s .  S t i l l ,  t h e r e  seems t o  be a 
d e f i n i t e  i n d i c a t i o n  t h a t  t h e  f l a t  b lades  wi th  t h e  t h i c k e r  diaphragm 
produce a  more n e a r l y  p l ane  shock. If t h i s  i s  t r u e ,  t hen  one can 
env i s ion  t h e  p o s s i b i l i t y  of  reducing t h e  dev ia t ion  from p l a n a r i t y  
s t i l l  f u r t h e r  by f o r c i n g  t h e  diaphragm t o  b u r s t  wi th  a r e v e r s e  
(toward t h e  d r i v e r )  bu lge ,  t h u s  p a r t i a l l y  compensating f o r  t h e  
opening t ime.  This  would involve  p r e - s t r a i n i n g  t h e  diaphragm wi th  
t h e  b lades  removed, t hen  t u r n i n g  it around and us ing  a  s e t  of b lades  
wi th  r eve r sed  cu rva tu re  (convex).  See chap te r  I X  f o r  a d d i t i o n a l  
d i scuss ion .  
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FIG. LZ. 9 
EFFECT OF KNlCE BLADE SHAPE AT pi = I mmHg, 
(ARGON, M = 5.63 & = 6,480) 
V.4 E f f e c t  of Dr iver /Tes t  Sec t ion  Area Rat io  
- - --
The low p r e s s u r e  shock t u b e  being a very  new ins t rument ,  it is  
n a t u r a l  and hea l thy  t h a t  t h e r e  a r e  d i f f e r e n c e s  o f  op in ion  about  i t s  
optimum design.  One o f  t h e  most obvious d i f f e r e c c e s  concerns t h e  
r e l a t i v e  c r o s s - s e c t i o n a l  a r e a  of t h e  d r i v e r  and t e s t  s e c t i o n s .  
Small d r i v e r s  opening i n t o  much l a r g e r  t e s t  s e c t i o n s  in t roduce  
t r a n s v e r s e  d i s tu rbances  t o  t h e  shock wave geomet r i ca l ly .  Large 
d r i v e r s  ( l i k e  t h e  GALCIT 17" d r i v e r ,  whose c r o s s  s e c t i o n  i s  i d e n t i c a l  
t o  t h a t  o f  t h e  t e s t  s e c t i o n )  i n t roduce  s i m i l a r  d i s tu rbances  through 
t h e i r  much l a r g e r  opening t imes .  
An experiment was performed t o  compare t h e  shock shapes pro-  
.wed  by t h e  two types  under t h e  same f low condit ions ' (Mach number 
2nd Reynolds number o r  i n i t i a l  p r e s s u r e ) .  In  o r d e r  t o  s imu la t e  t h e  
sma l l  d r i v e r ,  a  s h i e l d  wi th  a  smal l  (3.5" d iameter )  c e n t r a l  opening 
was p laced  between t h e  diaphragm and t h e  k n i f e  b lades .  Since an 
a r e a  r educ t ion  a t  t h e  diaphragm g r e a t l y  reduces t h e  shock Mach number 
obta ined  a t  a g iven  d r i v e r  p re s su re  and composition, it was necessary  
t o  a d j u s t  t h e s e  parameters  t o  o b t a i n  t h e  same M a t  t h e  same p l  f o r  
both d r i v e r  con f igu ra t ions .  By us ing  a  h igher  d r i v e r  p re s su re  wi th  
t h e  smal l  d r i v e r  and d i l u t i n g  t h e  helium wi th  n i t r o g e n  i n  t h e  l a r g e  
d r i v e r ,  t h e  d i f f e r e n c e  between t h e  Mach numbers obta ined  was kept  
t o  l e s s  t han  one percent .  
The r e s u l t i n g  shock shapes a r e  p l o t t e d  i n  f i g u r e  V . l O .  The 
s i m i l a r i t y  between them i s  s t r i k i n g .  Not only  is  t h e  o v e r a l l  ampli- 
t u d e  of t h e  d i s tu rbance  e x a c t l y  t h e  same f o r  t h e  two shocks,  bu t  t h e  
c h a r a c t e r  and g e n e r a l  shape of t h e  two i s  i d e n t i c a l .  There i s  
a  very s l i g h t  phase s h i f t  which i s  not  much l a r g e r  t han  is 
occas iona l ly  observed between two shocks produced under i d e n t i c a l  
cond i t i ons .  
Because t h e  magnitude o f  t h e  d i s tu rbances  a r e  t h e  same we can 
conclude t h a t  t h e r e  is  l i t t l e  t o  choose, s o  f a r  a s  shock p l a n a r i t y  
i s  concerned, between a smal l  d r i v e r  and a  l a r g e  one wi th  curved 
b lades .  We have seen ,  however, t h a t  it may be p o s s i b l e  t o  sub- 
s t a n t i a l l y  reduce t h e  d i s tu rbances  i n  t h e  l a rge -d r ive r  t ube  by 
changing t h e  diaphragm-blade geometry. Moreover, we may g a i n  some 
i n s i g h t  a s  t o  how t h i s  may be accomplished more p r a c t i c a l l y  and 
e f f e c t i v e l y  by an  unexpected and more s i g n i f i c a n t  conclus ion  which 
can be drawn from t h e  r e s u l t s  of  t h i s  experiment.  
Because t h e  c h a r a c t e r  of  t h e  d i s tu rbances  a r e  t h e  same we can 
conclude t h a t  it i s  p o s s i b l e  t o  cons ide r  t h e  shock produced by a 
r e a l  diaphragm t o  be equ iva l en t  t o  a shock produced by an i d e a l  
diaphragm wi th  an a r e a  c o n s t r i c t i o n  j u s t  downstream of t h e  diaphragm. 
This  apparent  equivalence sugges t s  undertaking a d e t a i l e d  i n v e s t i -  
g a t i o n  of  t h e  d i s tu rbance  produced i n  an i n i t i a l l y  p lane  shock by 
an a r e a  c o n s t r i c t i o n  of  known ampli tude.  If one could  determine 
t h e  n a t u r e  and decay r a t e  of such a  d i s tu rbance  and l e a r n  how t o  
cance l  it o u t ,  then  one could i n t e l l i g e n t l y  t a c k l e  t h e  problem of  
e l imina t ing  t h e  t r a n s v e r s e  waves caused i n  a  shock tube  by a  r e a l  
diaphragm. Moreover, it i s  hoped t h a t  such knowledge would enable  
one t o  p r e d i c t  under what cond i t i ons  and t o  what e x t e n t  t r a n s v e r s e  
wave d i s tu rbances  w i l l  e x i s t  i n  any g iven  shock t u b e ,  i . e .  d e t e r -  
mine t h e  f a c t o r s  which govern t h e  e x t e n t  of  t h e  t r a n s v e r s e  wave 
regime. Such an  i n v e s t i g a t i o n  i s  t h e  s u b j e c t  of chag te r  VI, 
EFFECT OF DRIVER / TEST SECTION 
AREA RATiO AT p, = I mrn Hg, 
(ARGON, M = 3.9 R, = 6,480) 
Superpos i t ion  of Viscous and 
- -
Non-Viscous E f f e c t s  
If one examines t h e  shock shapes o f ,  f o r  example, f i g u r e s  V.8 
and V , 9 ,  t h e  folLowing f a c t  may be noted :  No ma t t e r  what wild 
v a r i a t i o n s  i n  t h e  shock shape a r e  produced by d i f f e r e n t  diaphragm 
conf igu ra t ions ,  t h e  ang le  a t  which t h e  shock approaches t h e  wa l l  
appears  t o  be t h e  same f o r  a11 shocks a t  a g iven  i n i t i a l  p r e s s u r e .  
Moreover, t h i s  angle  i s  approximately t h a t  which, on t h e  b a s i s  o f  
t h e  previous  experiments i n  t h e  boundary l a y e r  regime, might be 
expected from t h e  boundary l a y e r  e f f e c t  a lone .  This  empi r i ca l  
observa t ion  sugges ts  t h e  assumption t h a t  t h e  shock shape nea r  t h e  
w a l l  i s  governed by t h e  v iscous  boundary l a y e r  and i s  independent 
of  d i s tu rbances  i n t e r s e c t i n g  t h e  shock away from t h e  wa l l .  
Since t h e  angle  a t  which a  shock d e v i a t e s  from a p lane  is  
always very smal l  throughout t h e  t r a n s v e r s e  wave regime, it should 
be p o s s i b l e  t o  cons ide r  t h e  shock shape t o  be caused by a  l i n e a r  
supe rpos i t i on  of t h e  d e v i a t i o n s  due t o  t h e  boundary l a y e r  and t h o s e  
due t o  t r a n s v e r s e  waves. From t h e  r e s u l t s  of  t h e  experiments i n  
t h e  boundary l a y e r  regime it is  c l e a r  t h a t  t h e  d e v i a t i o n s  not  t o o  
c l o s e  t o  t h e  w a l l  due t o  t h e  boundary l a y e r  a r e  g iven  q u i t e  accu- 
r a t e l y  by t h e  theory  above pl  - 1 0 0 ~  Hg. Thus if  one s u b t r a c t s  
t h i s  dev ia t ion  due t o  t h e  boundary l a y e r  from t h e  experimental  
shock shape t h e  r e s u l t i n g  ad jus t ed  shock shape should be t h a t  which 
i s  due s o l e l y  t o  t h e  t r a n s v e r s e  d i s tu rbances .  
The conclus ions  of t h e  preceding -two paragraphs l e a d  t o  t h e  
reasonable  expec ta t ion  t h a t  such a d j u s t e d  shock shapes should a l l  
-
i n t e r s e c t  t h e  w a l l s  a t  r i g h t  ang le s .  This  expec ta t ion  seems t o  be 
---- 
supported by t h e  experiments.  The use  o f  t h i s  supe rpos i t i on  
p r i n c i p l e  g r e a t l y  c l a r i f i e s  t h e  n a t u r e  of t h e  t r a n s v e r s e  wave d i s -  
tu rbances  by e l iminat ing  ~ i ~ e  v iscous  e f f e c t s  from the sl'iock shape. 
When normal w a l l  i n t e r s e c t i o n  i s  app l i ed  a s  a  boundary cond i t i on  
t o  t h e  a d j u s t e d  shock shapes t h e  r e s u l t s  bear  a  s t r i k i n g  resemblance 
t o  t h e  shapes recorded  o p t i c a l l y  by Lapworth (Ref.  1 1 )  f o r  an 
i n i t i a l l y  p l ane  shock" per turbed  by a  roo f top  o r  a r e a  c o n s t r i c t i o n  
d is turbance .  This  f a c t  Lends f u r t h e r  weight t o  t h e  conclus ion  
reached i n  s e c t i o n  V . 4  regard ing  t h e  n a t u r e  of  t h e  diaphragm d i s -  
tu rbance  i n  a  shock tube .  
I n  t h e  next  s e c t i o n  both  "raw" and a d j u s t e d  shock shapes w i l l  
b e  presented .  The r e s u l t s  of  t h e  experiments r epo r t ed  i n  chap te r  V I ,  
however, w i l l  be  g iven  e n t i r e l y  i n  t h e  form of a d j u s t e d  shock shapes.  
.t. ,. 
Lapworth's experiments were performed a t  s u f f i c i e n t l y  high 
i n i t i a l  p r e s s u r e s  t h a t  v i scous  e f f e c t s  were n e g l i g i b l e  compared t o  
t h e  l a r g e  s c a l e  d i s tu rbances  induced. 
E f f e c t  of Mach Number: 
-- 
Phase S h i f t  
The experiments r epo r t ed  i n  t h e  first f i v e  s e c t i o n s  of  t h i s  
chap te r  were a11 conducted a t  cons t an t  Mach number. To determine 
t h e  e f f e c t  of Mach number on t h e  shock shape an  experiment was 
conducted i n  which t h e  Mach number was v a r i e d  by changing t h e  com- 
p o s i t i o n  of  t h e  d r i v e r  gas ,  a l l  o t h e r  parameters  remaining 
cons t an t .  The r e s u l t s  of t h e  first such experiment a r e  p l o t t e d  
i n  f i g u r e  V . l l .  
The g r o s s  magnitude of t h e  d e v i a t i o n  from a p l ane  i s  t h e  same 
a t  both Mach numbers. If we assume t h e  shock shape t o  be o s c i l -  
l a t i n g  as t r a n s v e r s e  waves r e f l e c t  back and f o r t h  a c r o s s  t h e  t u b e ,  
t hen  t h e  change i n  Mach number appears  t o  have caused -a  phase s h i f t .  
These r e s u l t s  a r e  no t  s u r p r i s i n g .  Since t h e  diaphragm conf igura-  
t i o n ,  b l ades ,  m a t e r i a l ,  and d i f f e r e n t i a l  p re s su re  were a l l  i d e n t i c a l ,  
then  t h e  geometry of t h e  bu r s t ing  diaphragms and t h u s  t h e  d i s t u r b -  
ance inhe ren t  i n  t h e  shock formations should a l s o  be t h e  same. The 
change i n  Mach number changes t h e  speed a t  which t h e  t r a n s v e r s e  
waves c r o s s  t h e  tube  as w e l l  as t h e  forward speed of t h e  shock. 
These e f f e c t s ,  while  p a r t i a l l y  compensating, do no t  cance l  completely 
and t h e r e  i s  a n e t  change i n  t h e  wavelength of  t h e  d i s tu rbance .  The 
"wavelength" of  t h e  d i s tu rbance  i s  def ined  a s  t h e  number of t u b e  
r a d i i  which t h e  shock t r a v e l s  while  t h e  t r a n s v e r s e  waves make a 
round t r i p  a c r o s s  t h e  tube  and back t o  t h e i r  o r i g i n a l  p o s i t i o n .  I f  
t h e  d i s tu rbance  i s  completely symmetric, t hen  t h e  shock shape w i l l  
r e p e a t  i t s  cyc le  twice  during one of t h e s e  wavelengths. If ,  however, 
t h e r e  a r e  asymmetric components i n  t h e  d i s tu rbance ,  a s  a r e  ev ident  
i n  f i g u r e  V . 1 1  a t  p l  = 1 mm Hg, t hen  t h e  shock w i l l  t r a v e l  a  com- 
p l e t e  wavelength be fo re  r epea t ing  i t s  shapes.  
The f a c t  t h a t  t h e  magnitude of t h e  d i s tu rbance  i s  approxi-  
mately ( a t  l e a s t )  independent of Mach number means t h a t  t h e  decay 
of t h e  d i s tu rbances  a s  t hey  t r a v e l  down t h e  tube  i s  e i t h e r  small 
o r  n e a r l y  independent of Mach number. 
S ince ,  t o  t h i s  p o i n t ,  t h e  o s c i l l a t o r y  n a t u r e  of  t h e  d i s t u r b -  
ances had been only  an  assumption, it was deemed necessary  t o  c a r r y  
ou t  a  more d e t a i l e d  experiment t o  show t h e  slow s h i f t  i n  shock 
shape a s  t h e  Mach number i s  changed i n  smal l  increments .  Accordingly, 
a s e r i e s  of  14 s h o t s  were f i r e d  a t  va r ious  Mach numbers, a l l  o t h e r  
cond i t i ons  being t h e  same. The r e s u l t i n g  shapes ,  p l o t t e d  i n  
f i g u r e  V.12, show c l e a r l y  a  slow, g radua l  phase s h i f t  i n  t h e  d i s -  
tu rbance  wi th  M .  Note t h a t  t h e s e  a r e  "adjusted1 '  shock shapes ,  t h a t  
i s  t h e  cu rva tu re  due t o  t h e  boundary l a y e r  has been s u b t r a c t e d  ou t  
I 
from t h e  raw d a t a .  The spacing between t h e  shock shapes i n  
f i g u r e  V.12 (which were a l l  measured a t  t h e  same t u b e  l e n g t h )  i s  
conceptua l ,  and r e p r e s e n t s  t h e  change i n  " e f f e c t i v e  tube  length" ,  
measured i n  t r a n s v e r s e  d i s tu rbance  wavelengths,  which occurs  when 
t h e  Mach number i s  changed. 
The r e s u l t s  o f  t h i s  experiment can be  considered as s u f f i c i e n t  
proof of t h e  p e r i o d i c  na tu re  of shock shape d i s tu rbances  due t o  t h e  
diaphragm opening and o t h e r  tube- f ixed  sources .  Thus i s  j u s t i f i e d  
t h e  use  of t h e  name " t r ansve r se  wave regime". 
The experiments r epo r t ed  i n  t h e  next  chap te r  probe more deeply 
i n t o  t h e  n a t u r e  and decay of  t h e s e  t r a n s v e r s e  waves and seek t o  
answer t h e  r i d d l e  of why such waves a r e  no t  a2parent  a t  a l l  i n i t i a l  
p re s su re s .  
KEY 
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V I .  TRANSVERSE WAVE REGIME: "ROOFTOP EXPERIMENTS" 
V I . l  The Riddle of  
-- -
Disturbances 
The experiments of t h e  previous  c h a p t e r  proved t h a t  d i s t u r b -  
ances  t o  t h e  shock shape due t o  diaphragm opening do e x i s t ,  propa- 
g a t i n g  downstream i n  t h e  form of t r a n s v e r s e  waves, r e f l e c t i n g  
a c r o s s  t h e  tube  wi th  some M-dependent wavelength. On t h e  b a s i s  o f  
t h e s e  experiments a lone ,  one would be tempted t o  p r e d i c t  t h a t  t h e  
shock shape d e v i a t i o n s  s o  caused should e x i s t  a t  a l l  i n i t i a l  p res -  
s u r e s  wi th  about t h e  same g r o s s  magnitude, and t h a t  t h e s e  d e v i a t i o n s  
can be ignored only  when t h e  i n i t i a l  p r e s s u r e  i s  s o  low t h a t  t h e  
cu rva tu re  due t o  t h e  boundary l a y e r  is  l a r g e  i n  comparison wi th  
t h e s e  dev ia t ions .  One f i n d s ,  however, t h a t  such a  p r e d i c t i o n  is  
resoundingly con t r ad ic t ed  by experimental  f a c t .  
Such a  p r e d i c t i o n  would r e q u i r e  t h a t  t h e  a d j u s t e d  shock shape 
have about t h e  same g r o s s  dev ia t ion  from a  p iane  a t  a l l  p r e s su re s .  
I n  c o n t r a s t  t o  t h i s ,  t h e  a c t u a l  dev ia t ions  a r e  of about t h e  same 
magnitude f o r  p re s su re s  wi th in  t h e  t r a n s v e r s e  wave regime,  but  a t  
about  p l  = 1 mm Hg t h e  magnitude of  t h e s e  d e v i a t i o n s  f a l l s  r a p i d l y  
a s  t h e  p re s su re  i s  lowered, till a t  about  p l  = .1 mm Hg ( 1 0 0 ~  Hg) 
t h e  d e v i a t i o n s  a r e  almost t o t a l l y  absen t .  C e r t a i n l y ,  between t h e s e  
two p re s su res ,  while  t h e  th i ckness  of  t h e  boundary l a y e r  i s  changing 
by a  f a c t o r  of  about  t h r e e ,  t h e  mean dev ia t ion  from a  p lane  of  t h e  
a d j u s t e d  shock shape i s  changing by s e v e r a l  o r d e r s  of  magnitude. A t  
even lower p r e s s u r e s  t h e  dev ia t ions  remain very  sma l l ,  bu t  never 
vanish  e n t i r e l y .  
Granted,  t h e n ,  t h a t  t h e s e  a r e  t h e  experimental  f a c t s ,  two main 
ques t ions  remain t o  be answered: 
( 1 )  Why a r e  t h e s e  t r a n s v e r s e  wave d i s tu rbances  not  p re s su re -  
-
independent? What causes  t h e  observed dependence? 
( 2 )  What determines t h e  i n i t i a l  p re s su re  a t  which t h e  t r a n -  
s i t i o n  between t h e  t r a n s v e r s e  wave and boundary l a y e r  
regimes occurs  i n  any g iven  shock tube?  
The answer t o  t h e  second ques t ion  can obviously be found only 
through knowledge of t h e  answer t o  t h e  first (un le s s  one r e s o r t s  
t o  t h e  unwieldy empi r i ca l  approach of doing experiments such a s  
these i n  a g r e a t  number of shock t u b e s ) ,  Thus it i s  t h e  f i r s t  
ques t ion  t o  which an answer w i l l  nex t  be sought .  
VI.2 Possible Causes of the Pressure Dependence 
- --
The fact that the deviations from planarity of the shock shape 
(adjusted) are much smaller at low pressures than at high pressures 
can be explained by any one or more of the following possibilities. 
Either 
(1) The same diaphragm configuration somehow produces weaker 
transverse waves at low pressures, 
(2) The same transverse waves produce smaller changes in the 
shock shape at low pressures, or 
( 3 )  The decay of the transverse waves is greater at low 
pressures. 
The first of these possibilities is listed for completeness 
although its existence seems much more remote than the other two. 
Since the pressure difference across the diaphragm is very nearly 
the same at all pl, then the opening time should be constant and so 
should the shape of the initial compression waves which form the 
shock. Since the strength of the main shock is held constant, it 
is difficult to conceive of the transverse waves being otherwise. 
(The experiments of this chapter show that the transverse waves - are 
initially of constant strength, as one would expect.) 
The second possibility is not so easily disposed of. It is 
possible to conceive of a shock wave as possessing some inherent 
"stiffness-like" quality which increases with shock thickness and 
therefore with decreasing initial pressure. The mechanism for such 
a q u a l i t y  might be t h e  s i z e  of t h e  i n t e r s e c t i o n  r eg ion  of  t h e  
shock wave and t r a n s v e r s e  wave. Since each has a  f i n i t e  t h i c k n e s s ,  
t h e i r  i n t e r s e c t i o n  i s  not  a  p o i n t ,  bu t  a  f i n i t e  r eg ion  which 
i n c r e a s e s  i n  s i z e  as t h e  waves themselves t h i cken .  Thus, a s  t h e  
p r e s s u r e  i s  lowered t h e  slope-changing power of  t h e  t r a n s v e r s e  wave 
i s  spread  ou t  over  a l a r g e r  p o r t i o n  of  t h e  shock, smoothing ou t  i t s  
P 
e f f e c t s ,  and l ead ing  t o  overlapping o f  compression and expansion 
r eg ions .  There i s  no doubt t h a t  such an e f f e c t  can e x i s t  a t  
extremely low p res su res .  Whether o r  no t  such an e f f e c t  can be 
s i g n i f i c a n t  a t  p l  = l G G u  Hg, where t h e  shock t h i c k n e s s  i s  s t i l l  a  
q u i t e  sma l l  f r a c t i o n  of t h e  t u b e  r a d i u s ,  i s ,  however, a  m a t t e r  t o  
be answered by t h e  experiments,  ( I t  w i l l  be  shown t h a t  t h e  expe r i -  
ments answer i n  t h e  negat ive :  t h e  i n i t i a l  shock shapes produced 
by i d e n t i c a l  d i s tu rbances  a t  lOOy Hg and a t  3 mm Hg are i d e n t i c a l  
and t h e r e f o r e  t h i s  p o s s i b l e  e f f e c t  cannot e x p l a i n  t h e  observed 
p r e s s u r e  dependence,) 
The t h i r d  and f i n a l  p o s s i b i l i t y  i s  t h a t  t h e  decay of t h e  
t r a n s v e r s e  waves i s  g r e a t e r  a t  low p res su re .  From an  i n v i s c i d  
p o i n t  of view, t h e r e  i s  no b a s i s  i n  t heo ry  f o r  such an e f f e c t .  The 
shock s t a b i l i t y  t h e o r i e s  of both Freeman (Ref. 1 0 )  and Whitham 
(Ref. 2 0 )  r e s u l t  i n  p r e d i c t e d  d i s tu rbance  decays which a r e  inde- 
pendent of  i n i t i a l  p re s su re .  
I n  t h e s e  i n v i s c i d  t h e o r i e s ,  however, t h e  t r a n s v e r s e  waves a r e  
r e f l e c t i n g  o f f  r i g i d  w a l l s ,  whi le  i n  r e a l i t y  t hey  a r e  r e f l e c t i n g  
o f f  boundary l a y e r s .  Thus an  a t t r a c t i v e  explana t ion  f o r  t h e  
pres su re  dependent decay i s  based on t h e  g radua l  growth i n  t h e  
boundary l a y e r  as t h e  p r e s s u r e  is  lowered. The change i n  t h e  decay 
r a t e ,  however, i s  no t  a  g radua l  t h i n g ,  bu t  i s  n e a r l y  d iscont inuous ,  
occur r ing  i n  t h e  GALCIT t ube  a t  about  p l  = 300y Hg. Thus s e v e r a l  
d i f f i c u l t i e s  and u n c e r t a i n t i e s  remain unresolved by specu la t ion .  
To r e s o l v e  t h e s e  and hopefu l ly  s o l v e  t h e  r i d d l e  of  t h e  p re s su re  
dependent d i s tu rbances  an exhaus t ive  s e r i e s  of experiments were 
performed wherein i n i t i a l l y  p l a n e  shocks a t  t h e  same M but  a t  p res -  
s u r e s  both above and below t h e  t r a n s i t i o n  r eg ion  o f  300~ Hg were 
per turbed  by i d e n t i c a l  d i s tu rbance  sources  and t h e  r e s u l t i n g  shock 
shapes observed ove r  t h e  l e n g t h  of t h e  tube .  These experiments and 
t h e i r  r e s u l t s  a r e  desc r ibed  i n  t h e  next  s e c t i o n s .  
V I . 3  The Axisymmetric Rooftop Disturbance Experiment 
--
The even tua l  g o a l  o f  t h e  a x i s p m e t r i c  r o o f t o p  ( s e e  Fig.  VI.1) 
d i s t u r b a n c e  experiment is, of  cou r se ,  t o  answer t h e  ques t i ons  
r a i s e d  i n  t h e  l a s t  s e c t i o n s .  To t h i s  end, t h e  immediate o b j e c t i v e  
of t h e  experiment i s  t h e  comparison of  t h e  shock shapes produced 
by t h e  same d i s t u r b a n c e s  a t  p l  = 3 mm Hg ( w e l l  w i t h i n  t h e  t r a n s v e r s e  
wave regime) and a t  p l  = 1 0 0 ~  Hg ( i n  t h e  h e a r t  o f  t h e  boundary 
l a y e r  regime).  I n  o r d e r  t o  o b t a i n  t h i s  o b j e c t i v e ,  t h e  experiment 
must s a t i s f y  t h e  fo l lowing  requi rements :  
( 1 )  P r i o r  t o  reaching  t h e  d i s t u r b a n c e ,  t h e  shocks must be 
e f f e c t i v e l y  p l ane .  This  r e q u i r e s  t h a t  t h e  d i s tu rbance  
be l o c a t e d  f a r  enough downstream o f  t h e  diaphragm s o  t h a t  
t h e  diaphragm d i s tu rbances  have a t  l e a s t  begun t o  decay 
and t h e  shock i s  w e l l  formed, i f  no t  p l ane ,  and t h a t  t h e  
r o o f t o p  d i s tu rbance  be l a r g e  enough s o  t h a t  it produces 
shape d e v i a t i o n s  much l a r g e r  t han  those  remaining due t o  
t h e  diaphragm. This  requirement  was s a t i s f i e d  by p l a c i n g  
t h e  d i s t u r b a n c e  approximately 22 d iameters  downstream o f  
t h e  diaphragm and using a  d i s tu rbance  which blocked o f f  
about  58% of  t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  t ube .  
( 2 )  The undis turbed  Mach numbers of t h e  shocks must be t h e  
same f o r  both i n i t i a l  p r e s s u r e s  and he ld  cons t an t  through-  
o u t  t h e  experiment.  This  requirement  was s a t i s f i e d  by 
performing a l l  t h e  3 mm experiments  wi th  a  pure  helium 
d r i v e r  and a l l  t h e  100p experiments  with a  d r i v e r  mix ture  
conta in ing  45.0% n i t r o g e n  and 55.0% helium. The diaphragm 
conf igu ra t ion  and d r i v e r  t o t a l  p re s su re  were t h e  same f o r  
a l l  t h e  runs  and t h e  Mac\., number was recorded f o r  each 
run.  Var i a t ions  i n  M were usua l ly  l e s s  t han  one percent .  
( 3 )  The r e s u l t s  must be independent of t h e  cu rva tu re  due t o  
t h e  boundary l a y e r .  This  requirement was s a t i s f i e d  by 
using a d j u s t e d  shock shapes,  t h e  shape g iven  by boundary 
l a y e r  t heo ry  being s u b t r a c t e d  frdm a l l  d a t a .  
(4 )  The d i s tu rbance  must be s imple enough t o  produce a  
d i s t i n c t  s e t  of t r a n s v e r s e  waves causing a  s imple ,  
regular ,  p e ~ i o d i c  f l u c t u a t i o n  sf t h e  shock shape, q u a l i -  
t a t i v e l y  s i m i l a r  t o  t h a t  produced by t h e  diaphragm 
d i s tu rbance .  This  requirement was s a t i s f i e d  by t h e  
axisymmetric roo f top  d i s tu rbance  shown i n  f i g u r e  V I . 1  
and a l t e r n a t i v e l y  desc r ibab le  a s  a  "doughnut wi th  a 
t r i a n g u l a r  c r o s s  sec t ion" .  
( 5 )  The d a t a  p o i n t s  downstream of  t h e  d i s tu rbance  must be 
such a s  t o  r e v e a l  t h e  n a t u r e  of t h e  shock shapes,  t h e  
wavelength of t h e i r  p e r i o d i c i t y ,  and t h e  ampli tude of 
each peak during t h e  decay process .  Th i s  requirement  was 
s a t i s f i e d  by al lowing t h e  d i s t a n c e  between t h e  d i s t u r b -  
ance and t h e  end p l a t e  where t h e  shape was recorded t o  
be c o n t r o l l a b l e  i n  1 inch  increments from ze ro  t o  451". 
Figure VI .2  is a  schematic diagram of t h e  experimental  s e tup .  
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VI ,4 Resu l t s  of t h e  "Rooftop" Experiment 
--
The first major r e s u l t  o f  t h e  experiment was t h a t  t h e  shock 
shapes immediately downstream of  t h e  d i s tu rbance  were independent 
of i n i t i a l  p re s su re .  This  I i n d i n g  r u l e s  out  t h e  f i r s t  two p o s s i b l e  
causes  of t h e  p re s su re  dependence s e t  f o r t h  i n  s e c t i o n  V I . 2 .  S ince 
t h e  shock shapes a t  1 0 0 ~  and a t  3 mm a r e  i d e n t i c a l  i n i t i a l l y  ( s e e  
Fig.  V I . 3 )  and a r e  known t o  lie v a s t l y  d i f f e r e n t  a t  t h e  end of  t h e  
t u b e  ( t h i s  was confirmed wi th  t h e  roo f top  d i s t u r b a n c e ) ,  t hen  t h e r e  
must be some g r e a t  d i f f e r e n c e  i n  t h e i r  r a t e s  of decay. 
A second r e s u l t  was t h a t  t h e  shock shapes produced by t h e  
axisymmetric d i s tu rbance  a r e  q u a l i t a t i v e l y  very s i m i l a r  t o  t hose  
produced by a  two-dimensional roo f top  i n  t h e  experiments o f  Lapworth. 
Compare, f o r  example, f i g u r e  V 1 . 3  wi th f i g u r e  6 of r e f e r e n c e  11. 
A roo f top  d i s tu rbance  does not  produc; a s i n g l e  compressive 
t r a n s v e r s e  wave, bu t  a  complex system conta in ing  two compressions 
and a r a r e f a c t i o n .  The e f f e c t  of t h e  r a r e f a c t i o n  i s ,  however, 
spread  ou t  and soon d isappears  and f o r  a  p a r t i c u l a r  roo f top  l e n g t h  
t h e  second compression co inc ides  w i th  and r e i n f o r c e s  t h e  f i r s t  from 
t h e  oppos i t e  wal l .  This  cond i t i on  was a ~ p r o x i m a t e d  i n  Lapworth's 
experiments.  In  t h e  axisymmetric roo f top  experiment ,  a l though no 
a t tempt  was made t o  s a t i s f y  such a  reinforcement  cond i t i on ,  t h e  very  
complex shock shapes which would correspond t o  a  complex wave system 
were not  observed. Whether t h e  apparent  ex i s t ence  of bu t  a s i n g l e  
compressive t r a n s v e r s e  wave was due t o  a  f o r t u i t o u s  combination of  
Mach number and geometry, t h e  e f f e c t  of t h e  focus ing  a t  t h e  c e n t e r  
of t h e  t u b e ,  t h e  s e p a r a t i o n  of t h e  f low on t h e  downstream s i d e  of  
t h e  d i s tu rbance ,  o r  some o t h e r  cause is no t  known. Never the less ,  
because t h e  observed shock shapes a r e  exp la inab le  i n  terms of  a  
s i n g l e  compressive t r a n s v e r s e  wave, t h i s  i d e a l i z a t i o n  of  t h e  
t r a n s v e r s e  wave system w i l l  be used throughout t h i s  and t h e  
fo l lowing  chap te r s .  
A t h i r d  r e s u l t  was t h a t  t h e  shock shapes were indeed r e g u l a r l y  
p e r i o d i c ,  "oil-canning" back and f o r t h  with a  cons t an t  wavelength 
of about t h r e e  tube  r a d i i .  Since t h e  d i s tu rbance  and shock shapes 
a r e  completely axisyrnmetric, t h i s  wavelength corresponds t o  t h e  
d i s t a n c e  r equ i r ed  f o r  t h e  t r a n s v e r s e  waves t o  c r o s s  t h e  t u b e  once. 
A d i s t i n c t i o n  must r e a l l y  be made between t h e  t r a n s v e r s e  waves and 
t h e  t r a c e  of t h e i r  i n t e r s e c t i o n  with t h e  main shock. This  i n t e r -  
s e c t i o n  t r a c e  (which Whitham c a l l s  a  shock-shock) i s  what c o n t r o l s  
t h e  p e r i o d i c i t y  of  t h e  shock shape. From t h e  exper imenta l  va lue  of 
t h e  wavelength, t h e  ang le  B which t h i s  i n t e r s e c t i o n  t r a c e  makes 
wi th  t h e  w a l l s  of  t h e  tube  can be c a l c u l a t e d .  
2R B = tan- '  - = tan"' .656 = 33.3O 3.05R (Eqn. 6 .1)  
This  r e s u l t  l e a d s  i n  t u r n  t o  an e s t ima te  of  t h e  s t r e n g t h  of  
t h e  t r a n s v e r s e  wave. F igure  V I . 4  shows t h e  geometr ic  r e l a t i o n s h i p  
between t h e  shock, t h e  t r a n s v e r s e  wave, and t h e  i n t e r s e c t i o n  t r a c e .  
It can be seen  t h a t  t h e  ang le  6 is a f u n c t i o n  of  MU), t h e  s t r e n g t h  
of  t h e  t r a n s v e r s e  wave. A l l  t h e  o t h e r  parameters  a r e  f i x e d ,  M t  
being t h e  Mach number of  t h e  main t r a n s m i t t e d  shock wave a f t e r  it 
has i n t e r a c t e d  wi th  t h e  d i s tu rbance  source.  This  is somewhat l e s s  
t han  M ,  t h e  s t r e n g t h  of t h e  i n c i d e n t  shock. M 2 '  is t h e  Mach number 
of  t h e  f low behind t h e  shock r e l a t i v e  t o  t h e  wa l l s  o f  t h e  tube .  
The fo l lowing  r e l a t i o n s h i p s  a r e  obvious: 
and 
Y = Mu s i n  Y 
and 
(Eqn. 6 .2)  
(Eqn. 6 .3 )  
(Eqn. 6 .4 )  
I n  t h e  roo f top  experiment M = 4.81, Mt  = 4.48,  M 2 '  = 1.196, 
a2/al  = 2.68. If t h e  t r a n s v e r s e  wave were a Mach wave (Mu = 1 )  
t hen  t h e  above equa t ions  would g i v e  Y = 61.fi0, Y = .880, and 
B = 27.8O. However, i f  Q = 1 . 2  then  
which ag rees  wi th  t h e  exper imenta l ly  observed va lue  based on t h e  
wavelength of t h e  shock shape. O f  course  t h e  s t r e n g t h  of  t h e  
t r a n s v e r s e  wave decays somewhat a s  it moves down t h e  t u b e  and i t s  
s t r e n g t h  a l s o  v a r i e s  w i th in  each pe r iod ,  i nc reas ing  a s  it is  
focused nea r  t h e  c e n t e r  of t h e  tube.  Nonetheless we may conclude 
t h a t  t h e  mean va lue  of t h e  s t r e n g t h  of  t h e  t r a n s v e r s e  wave i s  g iven  
approximately by M,u = 1.2 .  I t  w i l l  be seen t h a t  t h i s  a p p l i e s  t o  
t h e  pl  = 3 mm shock over  t h e  e n t i r e  l e n g t h  of  t h e  tube ,  bu t  t o  t h e  
p1 = l O O u  shock only  f o r  a  l i m i t e d  d i s t a n c e  downstream of  t h e  
d is turbance .  
We a r e  l e d  t o  y e t  another  r e s u l t  a s  we no te  t h a t  t h e  s t r e n g t h  
of t h e  t r a n s v e r s e  wave i s  (wi th in  t h e  accuracy of t h e  c a l c u l a t i o n )  
equal  t o  t h e  f low Mach number M2'. This  means t h a t  r a t h e r  t han  
being swept downstream a s  i n  f i g u r e  V1.4, Teaving an  ob l ique  shock 
o r  Mach wave envelope, t h e  o r i g i n a l  t r a n s v e r s e  wave d i s tu rbance  
grows wi th  t ime but  i t s  t r a i l i n g  edge remains s t a t i o n a r y  a t  t h e  
d i s tu rbance  as  a normal detached shock a s  shown i n  f i g u r e  VI.5. 
This  i s  j u s t  what one should expec t ,  s i n c e  t h e  roo f top  d i s tu rbance  
wedge angle  was g r e a t e r  than  t h a t  which can a l low an a t t a c h e d  
obl ique  shock a t  a  Mach number M 2 ' .  It i s  t o  be expected t h a t  if  
t h e  wedge ang le  were reduced o r  ~ 2 '  i nc reased  ( t h e  l a t t e r  p o s s i -  
b i l i t y  being extremely l i m i t e d )  t h e  geometry would then  be a s  i n  
f i g u r e  VI.4. I t  should be noted t h a t  f i g u r e  VI.5, which ag rees  
wi th  a l l  obse rva t ions  of  t h e  experiment and s a t i s f i e s  a l l  t h e  
boundary cond i t i ons  of t h e  f low,  i s  b a s i c a l l y  una f fec t ed  by t h e  
r e f l e c t i o n  from t h e  oppos i t e  wa l l .  This  ca se  i s  shown i n  f i g u r e  
VI.6 and can  obviously be extended through any number o f  r e f l e c t i o n s ,  
F igures  VI.4,5,6 a r e  f o r  M ~ '  > 1. The corresponding subsonic ca se  
is similar and w i l l  be presented  i n  connect ion with a d i scuss ion  
of Lapworth's experiment. 
The s i x t h  and by f a r  most s i g n i f i c a n t  and s u r p r i s i n g  r e s u l t  
concerns t h e  r a t e  of decay of  t h e  shock shape d e v i a t i o n s  caused by 
t h e  t r a n s v e r s e  waves. This  decay i s  cha rac t e r i zed  by t h e  decay 
cons t an t  n which i s  t h e  exponent of t h e  d i s t a n c e  down t h e  t u b e  
( o r  equ iva l en t ly ,  t h e  t ime)  i n  an  express ion  such a s  
A a z-n 
where A i s  t h e  ampli tude of  t h e  shock shape d e v i a t i o n ,  Although 
Whitham's theory  l e a d s  t o  n = .5 ,  t h e  most widely accepted va lue  
has been n = 1 .5  p r e d i c t e d  t h e o r e t i c a l l y  by Freeman and apparent ly  
v e r i f i e d  exper imenta l ly  by Lapworth. I t  t u r n s  out  t h a t  t h i s  apparent  
v e r i f i c a t i o n  i s  dependent upon t h e  manner i n  which t h e  d a t a  i s  
analyzed,  
The d a t a  from t h e  axisymmetric roo f top  experiment l e a d  con- 
c l u s i v e l y  t o  a decay cons t an t  of M = 0.50. This  may be seen  from 
f i g u r e  VI.7. This  f i g u r e  w i l l  be d iscussed  i n  more d e t a i l  i n  t h e  
next  s e c t i o n .  
The f i n a l  r e s u l t  o f  t h e  experiment l e a d s  t o  t h e  s o l u t i o n  o f  
t h e  r i d d l e  of pressure-dependent decay. Af t e r  being almost 
i d e n t i c a l  wi th  t h e  3 mm shock, t h e  shape of  t h e  1 0 0 ~  shock suddenly 
a t  about 1 3  r a d i i  down t h e  tube  begins t o  o s c i l l a t e  wi th  a much 
sma l l e r  wavelength and decay much f a s t e r .  The d e t a i l s  of  t h i s  
process  w i l l  be  d i scussed  i n  chap te r  V I I .  
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Discussion of  rooft to^" 
-
In discussing the results of rhe axisymmetric rooftop experi- 
ment, notation has been used which parallels as closely as possible 
that used by Freeman and Lapworth for the two-dimensional equivalent. 
Some of the quantities, however, must be redefined in order that 
the experimental results may be compared with a more realistic 
theoretical model. 
Freeman characterizes the amplitude of the shock disturbance 
by a quantity 5 which he defines as the "total perturbation", a 
quantity which is similar to Ax(.8) defined in figure IV.4 except 
that it takes in the entire diameter of the tube. In his theory 
the shape of the shock wave is always a standing cosine wave whose 
amplitude is oscillating about zero. Thus the "total perturbation" 
is synonymous with the horizontal displacement of the shock at the 
wall from its position at the center in such a theory. This shape, 
however, does not exist in reality and is inconsistent with the 
boundary condition that  he shock (after boundary layer effects 
have been subtracted) meet the wail at right angles. The real 
shock, then, has "higher modes" and never possesses a total per- 
turbation of zero. For this reason, and because the "total per- 
turbation" of a complex shock shape cannot easily be classified as 
positive or negative, the "total perturbation" so defined is an 
extremely inconvenient quantity for relatin& experiment and theory. 
A more meaningful quantity experimentally (and one just as easily 
measurable from Lapworth's optical data) is the horizontal (or 
a x i a l )  displacement of t h e  shock-wall i n t e r s e c t i o n  from t h e  shock 
l o c a t i o n  a t  t h e  c e n t e r l i n e .  This  q u a n t i t y  does pas s  through zero  
and o s c i l i a t e s  i n  a  r e g u l a r  manner a s  p red ic t ed  by t h e  tneory .  The 
shock shapes r e s u l t i n g  from t h e  axisymmetric roo f top  experiment 
were, however, ob ta ined  not  o p t i c a l l y ,  but  from a  number of  d i s c r e t e  
d a t a  p o i n t s  sens ing  a r r i v a l  o f  t h e  shock. Thus a  q u a n t i t y ,  r e l a t e d  
t o  t h e  above but  r e q u i r i n g  no e x t r a p o l a t i o n ,  i s  t h e  simple a x i a l  
displacement of  t h e  shock p o s i t i o n  a t  t h e  outermost d a t a  po in t  
( r / R  = .896) from i t s  p o s i t i o n  a t  t h e  c e n s e r l i n e  (r /R = 0 ) .  
Accordingly, 5 i s  he re in  r e i e f i ~ ~ e d  t o be t h i s  q u a n t i t y  a f t e r  being 
a d j u s t e d  by s u b t r a c t i n g  t h e  boundary l a y e r  cu rva tu re  from each d a t a  
p o i n t .  The d i f f e r e n c e  between t h e s e  two d e f i n i t i o n s  o f  5 can be 
seen more c l e a r l y  by not ing  t h a t  i n  f i g u r e  VI.8b, E a s  he re in  
def ined  i s  ze ro ,  while  according t o  Freeman's d e f i n i t i o n  it i s  
f i n i t e  . 
The independent v a r i a b l e  i s  t h e  d i s t a n c e  down t h e  t u b e  and is 
denoted by z  when measwed from t h e  t r a i l i n g  edge of  t h e  roo f top  
d i s tu rbance  (Freeman uses  x) and by 5 when measured from t h e  o r i g i n  
of decay. I n  Freeman's t heo ry  t h e  d i f f e r e n c e  between t h e s e  two 
q u a n t i t i e s  i s  f i x e d  by t h e  geometry. However, s i n c e  Freeman's 
theory  i s  an asymptot ic  one, i n v a l i d  near  t h e  o r i g i n ,  t h i s  d i f f e r -  
ence w i l l  h e r e i n  be l e f t  f r e e ,  t o  be determined from t h e  exper i -  
mental  d a t a .  One o t h e r  d i f f e r e n c e  i n  t h e  d e f i n i t i o n  of  t h e s e  
v a r i a b l e s  w i l l  be in t roduced .  I n  Freeman's work 5 i s  dimensional  
while  z is  non-dimensionalized wi th  r e s p e c t  t o  t h e  diameter .  I n  
t h i s  chap te r  both w i l l  be t r e a t e d  a s  dimensional  q u a n t i t i e s  and 
t h e  non-dimensional izat ion w i l l  be e x p l i c i t l y  i n d i c a t e d  i n  t h e  
equat ions .  
Freeman w r i t e s  t h e  r e s u l t s  of  h i s  t heo ry  i n  a  form which, i n  
t h e  above v a r i a b l e s ,  becomes 
i = m< 
R 2G j s i n  (= t $1 j ( C . / ~ R > '  
where 5 = z + 1.776R and M = 1 . 5 .  G ,  I), and m a r e  f u n c t i o n s  of 
Mach number. A l t e r n a t i v e l y ,  i n  o rde r  t o  xore  r e a l i s t i c a l l y  eva lua t e  
t h e  exper imenta l  d a t a ,  it has  been found necessary  t o  h e r e i n  use  a 
"unction of  t h e  fo l lowing  form: I 
(Eqn. 6 .6)  
where C. = z  t 2UR and M ,  G ,  I), m ,  and a a r e  a l l  t o  be determined by 
t h e  d a t a .  F igure  V I . 7  i s  a p l o t  of </R vs. r,/R f o r  t h e  axisym- 
me t r i c  roo f top  experiment and from it t h e  above parameters  a r e  
determined t o  be: 
(Eqns. 6 .7 )  
The d i f f e r e n c e s  between equa t ions  6.5 and 6.6 a r e  smal l  bu t  
c r i t i c a l  t o  t h e  a n a l y s i s .  If t h e  a c t u a l  shock shapes were s t and ing  
cos ine  waves a s  i n  Freeman's t heo ry ,  t hen  t h e s e  ~ i f f e r e n c e s  would 
d isappear .  They a r e :  
( 1 )  W(9) i s  an empi r i ca l  func t ion  which can be considered t o  
be a  " d i s t o r t e d  s i n e  wave". This f u n c t i o n  i s  p e r i o d i c  
with a  cons tan t  f requency.  The d e t a i l s  of I t s  c y c l e  
shape a r e  p e c u l i a r  t o  t h e  axisyrnmetric geometry ( see  
F ig .  V I . 9 ) .  Of t h e s e  d e t a i l s ,  on ly  t h e  r a t i o  of peak 
he igh t s  (nega t ive  t o  p o s i t i v e )  S: = 1 . 3 9  a f f e c t s  t h e  
a n a l y s i s .  I t  i s ,  i n  e f f e c t ,  a  s i x t h  f r e e  parameter  t o  
be determined from t h e  d a t a  along wi th  t h e  f i v e  i n  
equat ions  6 . 7 .  
( 2 )  Freeman cons ide r s  only t h e  a b s o l u t e  va lue  of t h e  func t ion .  
The n e c e s s i t y  f o r  in t roducing  t h e s e  changes i s  exp la inab le  i n  terms 
of t h e  shock shapes shown i n  f i g i l r e  VI.8. Note t h a t ,  a s  was 
explained i n  s e c t i o n  V I . 4 ,  t h e  t rea tment  of t h e  t r a n s v e r s e  wave 
system a s  a s i n g l e  compressive wave i s  an i d e a l i z a t i o n  which may 
no t  be u n i v e r s a l l y  a p p l i c a b l e .  
When t h e  t r a n s v e r s e  waves i n t e r s e c t  t h e  main shock a t  t h e  w a l l s  
of t h e  t u b e ,  t h e  shape of t h e  shock i s  convex forward a s  shown i n  
f i g u r e  VI.Ba and 5 t a k e s  on i t s  maximum value .  This  shape i s  f a i r l y  
s i m i l a r  t o  t h e  t h e o r e t i c a l  shape i n  VI.Bd. 
A s  t h e  t r a n s v e r s e  waves move i n  toward t h e  c e n t e r ,  t h e  shock 
has a compound shape a s  5 passes  through ze ro .  Note t h a t  t h e  
" t o t a l  pe r tu rba t ion"  a s  def ined  by Freeman i s  no t  ze ro .  This  shape 
i s  shown i n  f i g u r e  VI.8b and c o n t r a s t s  wi th  t h e  t h e o r e t i c a l  shape i n  
VI.8e. I n  t h e  axisymmetric ca se ,  a t  l e a s t ,  t h e  shape f o r  5 = 0 
occurs  when t h e  t r a n s v e r s e  waves a r e  c l o s e r  t o  t h e  c e n t e r  t han  t o  
t h e  w a l l s ,  causing t h e  nega t ive  h s l f  of t h e  cyc l e  t o  be narrower 
than  t h e  p o s i t i v e  h a l f .  I n  VI.ab t h e  va lue  of 8 i s  somewhat g r e a t e r  
t han  n ,  while  t h e  t h e o r e t i c a l  shape VI.8e occurs  a t  8 = n e x a c t l y .  
When t h e  t r a n s v e r s e  waves meet a t  t h e  c e n t e r  of t h e  t u b e  t h e  
shape of t h e  shock i s  concave forward a s  shown i n  f i g u r e  VI.8c and 
5 t a k e s  on i t s  maximum negat ive  va lue .  In  t h e  axisymmetric ca se  
t h e r e  i s  a focus ing  o f  t h e  wa-~es a t  t h e  c e n t e r  which causes t h e  
ampli tude of  t h i s  nega t ive  h a l f  o f  t h e  cyc l e  t o  be s l i g h t l y  l a r g e r  
than  t h a t  of t h e  p o s i t i v e  h a l f .  Notice t h a t  t h i s  shock shape i s  
noth ing  l i k e  t h e  t h e o r e t i c a l  shape of VI.85 which i s  physically 
impossible .  
The n e t  r e s u l t  of a l l  t h e s e  c o n s i d e r a t i a n s  i s  t h a t  t h e  f u n c t i o n  
W(9) has t h e  shape shown roughly i n  f i g u r e  VI.9. 
This  f u n c t i o n  shows up i n  t h e  da t a  p l o t t e d  i n  f i g u r e  VI.7. 
From t h i s  f i g u r e  one can r e a d i l y  s e e  t h e  s i g n i f i c a n c e  of t h e  d i f f e r -  
ences between equat ions  6 .5  and 6 . 6 .  The use  of W(8) a l lows  t h e  
ampli tudes of t h e  p o s i t i v e  and nega t ive  peaks t o  be independent ly 
determined. The s e p a r a t i o n  of  t h e  p o s i t J v e  and nega t ive  peaks a l lows  
t h e i r  decay envelopes t o  be independent ly determined. These two 
independent decay c a l c u l a t i o n s  each l ead  t o  t h e  va lues  a = -.25 
and n = 0.50.  Although a l l  t h e  o t h e r  parameters  determined from 
1 
f i g u r e  VI.7 a r e  p e c u l i a r  t o  t h e  p a r t i c u l a r  geometry of  t h e  expe r i -  
ment, t h e r e  i s  no reason  t o  b e l i e v e  t h a t  t h e  va lue  of  t h e  decay 
cons t an t  n should not  apply u n i v e r s a l l y  t o  a i l  t r a n s v e r s e  d i s t u r b -  
ances i n  a11 shock tubes  and, i n  f a c t ,  t o  t h e  problem of shock 
s t a b i l i t y  i n  g e n e r a l .  
Because of t h e  extreme importance of  t h i s  decay cons t sn t  and 
t h e  l a r g e  discrepancy between it and t h e  one a r r i v e d  az by Lapworth, 
it was f e l t  necessary  t o  r e - eva lua t e  h i s  experiments i n  d e t a i l .  
This  i s  accomplished i n  t h e  next  s e c t i o n .  
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V 1 . 6  Re-Evaluation of  Lapworth's Experiment 
- -
Lapworth's experiment d i f f e r e d  from our s  i n  two important  
r e s p e c t s  : 
( 1 )  The geometry was two-dimensional r a t h e r  t han  axisymmetric. 
( 2 )  The post-shock f low p a s t  t h e  d i s tu rbance  was subsonic 
r a t h e r  t han  supersonic.  
The second seems t o  t i e  i n  with an  apparent  d i screpancy  between 
"high" Mach numbers and "normal" Mach numbers i n  Freeman's theory .  
(This  t u r n s  o u t  t o  be c o i n c i d e n t a l . )  NevertheLess, it was thought  
adv i sab le  t o  r e p l o t  t h e  d a t a  from Lapworth's experiments and recom- 
p u t e  t h e  decay cons t an t ,  f i t t i n g  t h e  d a t a  t o  equat ion  6.6 (bu t  wi th  
W '  p a r t i c u l a r  t o  t h e  two-dimensional geometry) r a t h e r  t han  6.5. 
This  r e p l o t  f o r  M = 1 .41  is  f i g u r e  VI.10 and corresponds t o  f i g u r e  9 
of  r e f e rence  11. 
It is immediately apparent  t h a t  t h e  d a t a  of Lapworth's exper i -  
ment f i t  b e a u t i f u l l y  t h e  same decay cons t an t  ( M  = 0.50) which was 
determined i n  t h e  axisymmetric experiment.  This  r a i s e s  t h e  ques t ion  
of why Lapworth obta ined  a decay cons t an t  of about  1 . 5  (1.45 f o r  
t h i s  Mach number) from th'e same da t a .  
This  ques t ion  may be s a t i s f a c t o r i l y  answered by t h e  fo l lowing  
comparisons of  Lapworth's a n a l y s i s  wi th  ours:  
( 1 )  H e  used a f i x e d  p o s i t i o n  f o r  t h e  o r i g i n  of decay based on 
t h e  asympotot ic  form of Freeman's t heo ry  (which is i n v a l i d  
near t h e  o r i g i n ) ,  while i n  our a n a l y s i s  t h i s  pos i t ion  was 
l e f t  open as a f r e e  parameter t o  be determined by t h e  
data .  
( 2 )  He discarded t h e  downstream da ta ,  regarding it a s  anomalous, 
whereas we bel ieve  t h i s  downstream da ta  t o  be most valuable 
i n  ca lcu la t ing  the  decay constant .  
( 3 )  He made no d i s t i n c t i o n  between t h e  p o s i t i v e  and negative 
( o r  convex forward and concave forward) halves of t h e  
cycle.  This makes t h e  downstream da ta  look more anomalous 
than it would otherwise. This was probably t h e  most se r ious  
e f f e c t  of h i s  choice of t h e  " t o t a l  per turbat ion"  a s  depen- 
dent va r i ab le ,  
(4)  He apparently used a cons tant  weighting funct ion  i n  h i s  
leas t -squares  f i t ,  while we have used a repeat ing  d e l t a  
funct ion ,  using only t h e  peak values i n  t h e  determination 
of t h e  decay envelope, thus  making t h e  decay f i t  indepen- 
dent of t h e  cycle  shape of t h e  pe r iod ic  funct ion  used i n  
t h e  f i t .  
I n  order  t o  show e x p l i c i t l y  how t h e  choice of t h e  o r i g i n  of 
decay dominated t h e  r e s u l t s ,  equations 6.5 and 6.6 w i l l  be r e w r i t t e n  
i n  terms of z, t h e  d i s t ance  from t h e  t r a i l i n g  edge of t h e  d i s tu rb -  
ance, r a t h e r  than 5 ,  t h e  d i s t ance  from t h e  o r i g i n  of decay. 
, 
Equation 6.5 becomes 
It i s  t o  t h i s  equa t ion  t h a t  Lapworth f i t t e d  h i s  d a t a  and g o t  
n = 1.45, G = .066, m = 3.31, and $ = -2.3. On t h e  o t h e r  hand, 
equa t ion  6.6 becomes 
t o  which h i s  same d a t a  were f i t t e d ,  y i e l d i n g  n = 0.50, G = ,0194, 
m = 3.31, $ = 1.24,  and a = -.175. [ A s  noted on page 111, t h e  f i t  
f o r  n ,  G ,  a is independent o f  cyc l e  shape.] 
Consider t h e  g e n e r a l  problem o f  determining t h e  decay cons t an t  
o f  some f u n c t i o n  o f  t h e  form 
5 = A n (z-a '  ) 
wi th  d a t a  a v a i l a b l e  f o r  5 vs .  z a t ,  s ay ,  two p o i n t s .  Then 
a n d . f o r  small va lues  o f  al/Z, t h i s  becomes 
(Eqn. 6.11) 
which l e a d s  t o  an apparent  va lue  f o r  t h e  decay cons t an t  of 
 apparent) - n ( l  + u ' /Z )  [u ' /Z  << 11 (Eqn. 6.12) 
and f o r  l a r g e  (of  o r d e r  1 )  va lues  of al/Z t h e  e r r o r  i n  n t ends  t o  
i n f i n i t y  . 
This  g e n e r a l  r e s u l t  can now be app l i ed  t o  t h e  problem a t  hand. 
I n  Lapworth's work t h e  q u a n t i t y  a'/Z corresponds t o  t h e  r a t i o  o f  t h e  
d i f f e r e n c e  i n  placement of t h e  o r i g i n  of  decay t o  t h e  mean d i s t a n c e  
from t h e  o r i g i n  t o  t h e  p o i n t s  used i n  t h e  computation, and t h i s  
q u a n t i t y  has  a  va lue  of  about 1 /2 .  This  e a s i l y  accounts  f o r  t h e  
d i f f e r e n c e  i n  t h e  decay c o n s t a n t s  ob ta ined  from t h e  two ana lyses .  
I n t i m a t e l y  r e l a t e d  t o  t h e  placement o f  t h e  o r i g i n  of decay is 
t h e  f a i l u r e  (noted by Lapworth) of Freeman's t heo ry  t o  p rope r ly  
p r e d i c t  t h e  phase ang le  $, which might be c a l l e d  t h e  " o r i g i n  of  
pe r iod i c i t y " .  The p o i n t  i s  t h a t  t h e s e  a r e  no t  " f a i l u r e s "  of  t h e  
theory  a t  a l l ,  bu t  l i m i t a t i o n s  of it due t o  i t s  asymptot ic  na tu re .  
F igure  VI.5 showed t h e  t r a n s v e r s e  wave geometry f o r  t h e  axisym- 
m e t r i c  roo f top  experiment,  where t h e  post-shock f low was supersonic  
wi th  r e s p e c t  t o  t h e  d i s tu rbance ,  F igure  V I . l l  i s  a  corresponding 
diagram f o r  Lapworth's experiment where t h e  d i s tu rbance  was 
subsonic. I n  t h e  subsonic case t h e  t r ansverse  wave propagates back 
toward t h e  diaphragm ins tead  of being held a t  t h e  d is turbance ,  but 
t h e  cases a r e  otherwise i d e n t i c a l .  The angle a t  which t h e  i n t e r -  
sec t ion  t r a c e  meets t h e  wal ls  i s  s t i l l  given by equations 6.2,3,4 
and f o r  Lapworth's experiment (M = 1.41 i n  a i r )  t h e s e  equations 
l ead  t o  Y = 42.7O, Y = .678, and 
f3 = 28.4O (based on Q = 1 )  
The experimental value,  based on t h e  wavelength of f i g u r e  VI.10 i s  
28O. There i s  some uncer ta in ty  i n  t h e  ca lcu la t ion  of t h e  theo- 
r e t i c a l  @ s i n c e  only t h e  inc ident  Mach number is  known. The t r a n s -  
mi t ted  Mach number was not measured i n  Lapworth's experiments but  
could not  have va r i ed  much from t h e  inc ident  value.  Thus it i s  
concluded t h a t  % was very c lose  t o  1. 
On t h e  b a s i s  of t h i s  re-evaluat ion of Lapworth's experiment, 
t h e  following conclusions a r e  drawn. 
(1)  There is  no e s s e n t i a l  d i f f e rence  i n  t h e  mechanism o r  
geometry of downstream t ransverse  wave propagation between 
t h e  cases of subsonic and supersonic post-shock flow p a s t  
a disturbance.  
( 2 )  I n  e i t h e r  of t h e  above cases and f o r  e i t h e r  rec tangular  
o r  c y l i n d r i c a l  geometry, shock shape pe r tu rba t ions  due 
t o  symmetric disturbances seem t o  d i e  out  with a decay 
constant  n = 0.50 a s  they t r a v e l  down t h e  tube.  
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V I I . l  The Rooftop Experiment a t  p l  = 100y Hg 
-- -
I t  was shown i n  f i g u r e  VI.3 t h a t  t h e  shock shapes produced by 
t h e  axisymmetric roo f top  d i s tu rbance  were t h e  same a t  both p re s su res  
t e s t e d .  This  s i m i l a r i t y  of shape, i nc lud ing  both magnitude and 
phase of o s c i l l a t i o n  cont inued down t h e  t u b e  f o r  approximately 
14  r a d i i  before  ending r a t h e r  ab rup t ly .  F igure  V I I . 1  shows how t h e  
experimental  va lues  of shock p e r t u r b a t i o n  a t  lOOy Hg compare wi th  
t h e  experimental  curve followed by s i m i l a r  d a t a  a t  3 mm Hg. Three 
d i f f e r e n t  r eg ions  can be observed. I n  t h e  f i r s t  r eg ion ,  co r r e -  
sponding t o  t h e  t r a n s v e r s e  wave regime, agreement between t h e  two 
s e t s  of  d a t a  i s  e x c e l l e n t .  Then i n  t h e  second r e g i o n ,  corresponding 
t o  t h e  t r a n s i t i o n  be-cween regimes, t h e  1 0 0 ~  p e r t u r b a t i o n  decays 
much more r a p i d l y  and t h e  shock shape o s c i l l a t e s  wi th  a much s h o r t e r  
wavelength. In  t h e  t h i r d  r eg ion ,  corresponding t o  t h e  boundary 
l a y e r  regime, t h e  p e r t u r b a t i o n s  a t  1 0 0 ~  Kg have e s s e n t i a l l y  d i s -  
appeared and t h e  shock shape i s  j u s t  t h a t  p r e d i c t e d  by boundary 
l a y e r  theory .  
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V L I . 2  Phys i ca l  Explanat ion -- of t h e  T r a n s i t i o n  Region 
Back i n  s e c t i o n  VI.2 t h r e e  p o s s i b l e  causes of t h e  p re s su re  
dependence were suggested.  The roo f top  experiments d e f i n i t e l y  
e l imina ted  t h e  first two. I t  i s  now obvious t h a t  t h e  t h i r d  poss i -  
b i l i t y  i s  t h e  c o r r e c t  one, bu t  t h a t  it must be modified as fo l lows:  
The decay o f  t h e  t r a n s v e r s e  waves is g r e a t e r  
a t  low p res su res  f o r  a p a r t i c u l a r  t u b e  l eng th .  
-- 
Thus it i s  not  r e a l l y  c o r r e c t  t o  speak of a p re s su re  dependent 
decay, f o r  t h e  decay, a s  shown i n  f i g u r e  V I I . 1  i s  r e a l l y  dependent 
upon some dimensionless  conbina t ion  which inc ludes  both t h e  tube  
l eng th  and t h e  i n i t i a l  p re s su re .  Such a  combination i s  t h e  r a t i o  
of t h e  boundary l a y e r  t h i ckness  t o  t h e  t u b e  r a d i u s ,  measured a t  t h e  
d is turbance .  This  boundary l a y e r  may be thought o f  as a v a r i a b l e -  
d e n s i t y  atmosphere which is  d i f f r a c t i n g  t h e  shock wave. Al te rna-  
t i v e l y ,  t h e  boundary l a y e r  may be i d e a l i z e d  a s  a  f i c t i t i o u s  wa l l  
c lo s ing  i n  on t h e  t r a n s v e r s e  wave system, sho r t en ing  t h e  wavelength 
of r e f l e c t i o n  u n t i l  t h e  waves a r e  completely "choked o f f " .  While 
t h e  f i r s t  of  t h e s e  two explana t ions  i s  probably c l o s e r  t o  t h e  t r u t h ,  
t h e  second l e a d s  t o  a  s imple r u l e  of  thumb which works w e l l  f o r  t h e  
experiments a v a i l a b l e .  
VII.3 Rule of Thumb Trans i t ion  Condition 
---- 
Whatever t h e  mechanism through which t h e  boundary l a y e r  e f f e c t s  
t h e  accelera ted  decay of t h e  t r ansverse  waves, t h e  experimental 
observations can be co r re la t ed  with t h e  r a t i o  of  some boundary l a y e r  
th ickness  t o  t h e  tube radius .  
Let t h e  boundary l a y e r  thickness a t  a  d i s t ance  L behind t h e  
shock be 
where L i s  i n  mm and p l  is i n  u Hg, then f o r  argon and a i r  t h i s  
r ep resen t s  a  p o s i t i v e  th ickness  which i s  ( t o  wi th in  10% o r  so )  
numerically equal  t o  t h e  displacement th ickness  of a  completely 
laminar boundary l aye r .  The experiments with both t h e  roof top  
disturbance and t h e  n a t u r a l  diaphragm dis turbance  i n d i c a t e  t h a t  
t r a n s i t i o n  from t h e  t r ansverse  wave regime t o  t h e  boundary l a y e r  
regime always t akes  p lace  when t h e  boundary l a y e r  a s  defined above 
is  about 1 /4  t o  1 / 2  of t h e  tube  rad ius ,  o r  
where L and R a r e  i n  mi l l ime te r s  and p l  i s  i n  p Hg. 
Changing t h e  pressure  u n i t s  and squaring equation 7.2, one 
ob ta ins  t h e  equivalent  condi t ion:  
(Eqn. 7 .3)  
where L and R a r e  s t i l l  i n  mi l l imeters ,  but p i  i s  i n  mm Hg. O f  
course t h e  constant  of p ropor t iona l i ty  used i n  t h e  d e f i n i t i o n  of 
t h e  boundary l a y e r  th ickness ,  f o r  a r e a l  boundary l a y e r  would be a 
funct ion  of t h e  c o e f f i c i e n t  of v i s c o s i t y  and of t h e  r a t i o  of 
s p e c i f i c  hea t s  of t h e  gas and i s  a l s o  a weak funct ion  of Mach 
number, t h e  Mach number dependence becoming more important a s  t h e  
viscosi ty-temperature c o e f f i c i e n t  depar ts  from w = .7. Other 
poss ib le  e f f e c t s  not  e x p l i c i t l y  taken i n t o  account a r e  those  of  t h e  
contac t  su r face  and of t r a n s i t i o n .  We have, however, q u a l i t a t i v e  
evidence t h a t  t h e s e  do not  s i g n i f i c a n t l y  a f f e c t  t h e  r e s u l t s ,  A t  
p1 = 3 mm Hg t h e  decay followed t h e  n = .5  scheme f a r  pas t  where 
o t h e r  experiments i n  t h e  same tube  by Roshko and Smith (Ref. 21) 
i n d i c a t e  t r a n s i t i o n  and contac t  su r face  occur. A t  p l  = 1001-1 Hg, 
where a marked inc rease  i n  t h e  r a t e  of decay and a r ap id  s h i f t  i n  
d is turbance  wavelength occur,  these  e f f e c t s  t ake  p lace  well  p a s t  
t h e  contac t  su r face  and long before t r a n s i t i o n ,  
Thus it is f e l t  t h a t  i n  t h e  absence of accura te  boundary 
l a y e r  growth, t r a n s i t i o n ,  and contac t  a r r i v a l  measurements i n  a 
p a r t i c u l a r  tube, t h e  bes t  one can do is  use t h e  r u l e  of thumb t h a t  
t r a n s i t i o n  between t h e  t r ansverse  wave and boundary l a y e r  regimes 
t akes  p lace  when t h e  quan t i ty  L / ~ ~ R ~  i s  of order  1, where L and R 
a r e  t h e  tube  length  and r a d i u s  i n  mi l l imeters  and p i  is  t h e  i n i t i a l  
pressure  i n  t h e  t e s t  s e c t i o n  i n  mm Hg. 
It must be s t rong ly  emphasized t h a t  t h i s  r u l e  of thumb, being 
dimensional, must be applied with c a r e ,  If one is operat ing i n  an 
"unusualtt gas  such a s  hydrogen o r  xenon, o r  a t  except ional ly  low o r  
high Mach numbers, one might wish t o  r e s o r t  t o  t h e  more fundamental 
dimensionless t r a n s i t i o n  c r i t e r i o n ,  1 /R  - 1/ 3 .  However, because 
of t h e  "order of  magnitude" nature  of t h e  a n a l y s i s  and t h e  f a c t  
t h a t  t h e  boundary l a y e r  c losure  is merely a conceptual convenience 
( t h e  t r u e  mechanism not  being f u l l y  understood) t h e  r e s u l t s  of any 
such e f fo r t  should not  be taken t o o  se r ious ly .  
V I I I .  IMPLICATIONS FOR DATA INTERPRETATION 
VIII.1 General Cons idera t ions  
I t  has been found t h a t  i n  t h e  absence of  boundary l a y e r  c l o s u r e  
a c c e l e r a t i o n  of t h e  decay p roces s ,  t h e  t r a n s v e r s e  waves s e t  up by 
a  d i s tu rbance  such as an  a r e a  change o r  t h e  diaphragm opening 
p e r s i s t  i n d e f i n i t e l y ,  decaying only l i k e  z-'/*. In  t h e  GALCIT 17" 
t ube  t h e  d i s tu rbance  due t o  diaphragm opening produces shock s lopes  
a t  t h e  c e n t e r l i n e  of t h e  tube  ( t i l t )  o f  a s  much a s  1 1 / 2  degrees 
a f t e r  z/R = 96.  I n  o r d e r  t h a t  t h i s  d i s tu rbance  be reduced t o  say  
h a l f  a  degree,  it would be necessary  t h a t  t h e  tube  be n e a r l y  900 
r a d i i  long. This  is ,  of  course ,  imprac t i ca l .  
The r e l a t i o n s h i p  between diaphragm opening t ime and t u b e  r a d i u s  
i s  such t h a t  t h e  i n i t i a l  d i s tu rbance  magnitude i s  probably of t h e  
same o r d e r  f o r  a l l  convent iona l  diaphragm-operated shock tubes .  
Thus i n  a l l  such t u b e s  t h e  three-dimensional  e f f e c t s  of t r a n s v e r s e  
waves can only be considered n e g l i g i b l e  a f t e r  t h e  boundary l a y e r  
has "choked o f f "  t h e  d i s tu rbance  by e s s e n t i a l l y  f i l l i n g  t h e  t u b e  a t  
some p o i n t  between t h e  d i s tu rbance  and t h e  t e s t  s e c t i o n .  
The r u l e  of thumb der ived  i n  t h e  l a s t  chap te r  t h e r e f o r e  should 
be app l i ed  t o  a l l  shock tubes  when t h e  shock shape i s  important  i n  
t h e  experiment (such a s  i n  Sch l i e r en ,  l i g h t  r e f r a c t i o n ,  e l e c t r o n  
beam and o t h e r  such exper iments ) .  
When L / ~ ~ R ~  is  s i g n i f i c a n t l y  l e s s  than one, then t h e  shock 
shape w i l l  be completely dominated by t r ansverse  wave e f f e c t s  from 
t h e  diaphragm ( o r  o t h e r  disturbance i f  p r e s e n t ) .  
When t h i s  quan t i ty  is s i g n i f i c a n t l y  l a r g e r  than one, t h e  shock 
shape can be expected t o  be governed by t h e  boundary l a y e r  theory  
of  Hartunian and de Boer, with no inf luence  of diaphragm opening. 
It must be noted t h a t  i f  t h e r e  a r e  o the r  prot rus ions  i n  t h e  
tube (such a s  p o r t s  o r  windows) l a r g e  enough t o  cause d is turbances  
of s i g n i f i c a n t  magnitude, then t h e  above c r i t e r i a  must be appl ied  
t o  t h i s  disturbance,  with L being t h e  d i s t ance  from t h e  d i s tu rb -  
ance t o  t h e  t e s t  sec t ion .  
The next s e c t i o n  conta ins  example app l i ca t ions  of t h e  r u l e  of 
thumb. The r e s u l t s  a r e  summarized i n  f i g u r e  V I I I . l ,  where t h e  
range of t h e  parameter L / ~ ~ R ~  covered f o r  each experiment i s  shown. 
Where t h e  ba r  is  cross-hatched, the  da ta  showed d e f i n i t e  s i g n s  of 
being i n  t h e  t r ansverse  wave regime. Where t h e  ba r  i s  do t t ed  t h e  
da ta  followed roughly t h e  p red ic t ions  of  t h e  boundary l a y e r  theory 
but considerable s c a t t e r  was evident .  Where t h e  bar  i s  c l e a r  t h e  
da ta  agreed except ional ly  wel l  with t h e  theory  of  t h e  boundary l a y e r  
regime. . 
VIII .2  Example Appl ica t ions  
V I I I . 2 . 1  Duff & Young (Ref. 3 )  
--- - - 
i n  t h e  t r a n s i t i o n  r eg ion .  Accelerated decay should be o ~ c u r r i n ~ ; ,  
bu t  probably i s  not  complete. Some s c a t t e r  i n  d a t a  due t o  diaphragm 
d i s tu rbance  i s  t o  be expected.  However, i n  t h e  same tube  a t  
p1 = 10  mm Hg: 
Decay of t r a n s v e r s e  waves should be about  complete. A t  t h i s  and 
lower p r e s s u r e s  l e s s  s c a t t e r  i n , d a t a  due t o  t h e s e  e f f e c t s  ( s e e  
s e c t i o n  1 .1 .3 ) .  
The experiments show very l i t t l e  s c a t t e r  except  a t  p l  = 20 mm Hg 
and a t  t h e  lowest  p re s su re s .  The s c a t t e r  i n  t h e  very  low p r e s s u r e  
d a t a  could be due t o  t h e  d i f f i c u l t y  of reading  low ampli tude 
responses  ( s e e  f i g u r e  4 of  r e f e r e n c e  3) .  
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VIII .2 .2  Lin & Fyfe (Ref.  2) 
--- - - 
R = 305 mm 
L/R = 41 
pl(max) = .30  mm Hg 
probably nea r  t h e  l i m i t  of t h e  t r a n s v e r s e  wave regime. Expect 
s c a t t e r  with M and apparent  th ickening  of  shock. I n  t h e  same t u b e  
a t  p l  = . 1 0  mm Hg: 
L - 
- -  &I. = 1.35 
? l R 2  m 
Accelerated decay should be t a k i n g  p l ace .  Devia t ions ,  though 
d e t e c t a b l e  i n  shape should have l i t t l e  e f f e c t  on apparent  t h i c k n e s s ,  
which i s  q u i t e  l a r g e  a t  t h i s  pl  ( s e e  s e c t i o n  1.1.2) .  
Only t h e  low p res su re  d a t a  i n  Lin & F y f e ' s  experiments  cover  
a range of  Mach numbers. This  d a t a  shows cons ide rab le  random 
s c a t t e r  but  no Mach number dependence. The expected Mach number 
s c a t t e r  a t  h igh  p r e s s u r e s  cannot be confirmed because t h e  d a t a  were 
i s o l a t e d  p o i n t s .  
VII I .2 .3  Linzer  - & Hornig (Ref.  22) 
- -
This  i s  o r d e r s  o f  magnitude t o o  smal l  f o r  any damping of  t h e  t r a n s -  
ve r se  waves by t h e  boundary l a y e r .  Decay i s  d e f i n i t e l y  n = .5. 
Pres su res  i n  t h e s e  o p t i c a l  r e f l e c t i v i t y  experiments ranged from 
t h i s  t o  a  f a c t o r  of t e n  h igher  s t i l l .  Any cu rva tu re  due t o  t h e  
boundary l a y e r  should be completely n e g l i g i b l e .  Data should be 
completely dominated by d i s tu rbances  of  t h e  diaphragm and o t h e r  
sources  ( t h e r e  were windows pro t ruding  1/16" i n t o  t h i s  s m a l l  t u b e ) .  
T i l t  of l / 2  a  degree i s  s u f f i c i e n t  t o  change o p t i c a l  r e f l e c t i v i t y  
measurements by 50%. It i s  very p o s s i b l e  t h a t  tilt ang le s  much 
g r e a t e r  t han  t h i s  were p r e s e n t .  
It i s  i n t e r e s t i n g  t o  note  t h a t  i n  t h e  experiments of  Linzer  & 
Hornig, t h e  d a t a  were a d j u s t e d  f o r  "shock curva ture"  wi th  t h e  
c o r r e c t i o n  f a c t o r  s ca l ed  according t o  p l  . Such a  s c a l i n g  law 
i s ,  of course ,  only v a l i d  w i th in  t h e  boundary l a y e r  regime. 
VIII.2.4 Wray (Ref. 7 )  
- - -  
Thi s  experiment i s  d e f i n i t e l y  i n  t h e  t r a n s v e r s e  wave regime. Shock 
shape should be dominated by d i s tu rbances  from upstream. A t  t h e  
lowest  i n i t i a l  p re s su re ,  
t h e  shock shape should be e n t e r i n g  t h e  t r a n s i t i o n  reg ion .  Transverse 
wave e f f e c t s  should be s t i l l  e v i d e n t ,  bu t  poss ib ly  of l e s s e r  
magnitude. 
This  exp la ins  why Wray, even though he reduced t h e  o p t i c a l  
pa th  l e n g t h  t o  t a k e  i n  only  t h e  c e n t e r  s e c t i o n  of t h e  tube ,  had t o  
d i s c a r d  t h e  high p re s su re  d a t a  completely because of  "tremendous 
s c a t t e r "  ( s e e  s e c t i o n  1.1.6). 
VIII.2.5 Daen & de Boer ( R e f .  6) 
---- - - 
This  should be we l l  w i th in  t h e  t r a n s v e r s e  wave regime, which 
exp la ins  t h e  apparent  shock zone th i cknesses  2 t o  1 0  t imes  
those  expected which' were observed i n  t h e i r  experiments  ( s e e  
s e c t i o n  1.1.6). 
VIII .2 .6  de Boer (Ref. 8 )  
-- - - 
I n  t h i s  r e f e r e n c e ,  de  Boer no te s  tha-t  t h e r e  seems t o  be a  
d iv id ing  l i n e  a t  p l  = 30 mm Hg above which t h e  shock apparent  t h i c k -  
ness  no longer  dec reases  a s  p red ic t ed  by theory .  This  d i v i d i n g  
l i n e  i s  evident  in f i g u r e  42 of  r e f e rence  8 .  If t h e  theo ry  o f  
chap te r  V I I  i s  t o  hold ,  t hen  p i  = 30 mm Hg should correspond t o  
t h e  t r a n s i t i o n  r eg ion  i n  de  Boer ' s  experiments and t h e  shock shape 
regime parameter  L / ~ ~ R *  a t t h i s  p re s su re  should be of o r d e r  1. The 
ha l f -he igh t s  i n  de Boer 's  r e c t a n g u l a r  t ube  were 3 / 8 "  and 5/811. 
Thus l / 2 "  w i l l  be chosen a s  R ,  t h e  e f f e c t i v e  mean r a d i u s .  
which i s  indeed of orde r  one. (S ince  t h i s  c a l c u l a t i o n  i s  only  
a c c u r a t e  t o  one s i g n i f i c a n t  f i g u r e  due t o  t h e  n a t u r e  of  t h e  de r iva -  
t i o n  of  t h i s  r u l e  o f  thumb, no claim i s  made t h a t  t h e  extreme 
proximity of t h i s  va lue  t o  1 i s  anything but  f o r t u i t o u s . )  
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DATA INTERPRETATION SUMMARY 
I X .  IMPLICATIONS TOR SHOCK TUBE DESIGN 
I X . 1  The Conventional Shock Tube 
----- 
The imp l i ca t ions  of  t h e s e  r e s u l t s  t o  Che des ign  o f  convent iona l  
shock tubes  a r e  obvious. If any kind of  work i s  contemplated i n  t h e  
tube  i n  which shock shape i s  impor tan t ,  t hen  t h e  dimensions of  t h e  
tube ,  i t s  s t r e n g t h  ( o r  p re s su re  c a p a c i t y ) ,  i t s  vacuum c a p a b i l i t y ,  
and i t s  ins t rumenta t ion  must a l l  be compatible with an ope ra t ing  
regime f o r  which t h e  r e l a t i o n s h i p  L / ~ ~ R ~  2 1 holds .  
Because of t h e  extremely smal l  t e s t i n g  t ime (and t h e r e f o r e  
p o s s i b i l i t y  of  i n t e r a c t i o n  between con tac t  r eg ion  and t h e  main 
shock) a t  very  low p r e s s u r e s ,  it i s  d e s i r a b l e  t h a t  t h e  upper l i m i t  
of t h e  t e s t i n g  regime be a t  a s  high a p r e s s u r e  a s  t h e  instrumenta-  
t i o n  r i s e  t ime and r e s o l u t i o n  w i l l  a l low.  For shock t h i c k n e s s ,  
shock s t r u c t u r e ,  and r e l a x a t i o n  t ime s t u d i e s ,  t h i s  means pl(max) 
should be about  1 m m  Hg. This  l e a d s  t o  t h e  requirement  t h a t  t h e  
tube  geometry s a t i s f y  
L / R ~  = 1 (dimensions i n  mm) (Eqn. 9 .1)  
Now t h e  low p r e s s u r e  l i m i t  t o  t h e  ope ra t ing  regime is  dependent 
upon t h e  t e s t i n g  t ime a n a l y s i s .  For example it may be r e q u i r e d  
t h a t  t h e  t e s t i n g  l e n g t h  &, a s  def ined  by Roshko (Ref.  2 3 ) ,  be a  
p a r t i c u l a r  m u l t i p l e  o f  t h e  shock t h i c k n e s s  ( say  1 0 ,  f o r  example). 
Using t h e  va lue  o f  R, g iven  by t h e  somewhat r e f i n e d  theo ry  of  
Mire ls  (Ref.  24) f o r  t h e  case  o f  argon o r  a i r ,  and conver t ing  t h e  
u n i t s  t o  mm and mm Hg f o r  p r e s s m e ,  we o b t a i n  f o r  l a r g e  Mach numbers 
and a laminar  boundary l a y e r :  
Em = .346 p l ~ 2  (Eqn. 9 .2)  
The shock th i ckness  8 has been measured a s  a  by-product of t h e  shock 
shape experiments and under t h e  above cond i t i ons ,  and i n  t h e  same 
u n i t s ,  i s  found t o  be given approximately by 
(Eqn. 9.3) 
Then t h e  r a t i o  of  t h e  t e s t i n g  l e n g t h  t o  t h e  shock t h i c k n e s s  i s  
- (Eqn. 9 .4 )  
If it i s  r equ i r ed  t h a t  t h i s  r a t i o  be a t  l e a s t  10 ,  t hen  it fo l lows  
t h a t  t h e  minimum pe rmis s ib l e  i n i t i a l  p re s su re  i s  g iven  by 
(Eqn. 9 . 5 )  
There i s  an a d d i t i o n a l  r e s t r i c t i o n  on t h e  i n i t i a l  p r e s s u r e  
imposed by t h e  geometry which, it w i l l  be shown, is  important  on ly  
f o r  t h e  very  sma l l e s t  t ubes .  This  i s  t h e  requirement  t h a t  t h e  t u b e  
r a d i u s  be l a r g e  (aga in  say  by a  f a c t o r  of  1 0 )  compared wi th  t h e  
shock th i ckness .  From equat ion  9 .3  t h i s  requirement  l e a d s  t o  
p l (min)  = 8/ R~ (Eqn. 9 .6)  
The two r e s t r i c t i o n s  on t h e  i n i t i a l  p re s su re  g iven  by equat ions  9.5 
and 9 .6  co inc ide  f o r  R = l m m .  For a l l  l a r g e r  r a d i i  t h e  r e s t r i c -  
t i o n  imposed by t h e  t e s t i n g  l e n g t h  (equat ion  9 . 5 )  i s  t h e  more 
r e s t r i c t i v e .  I n  f a c t  it i s  easy t o  show t h a t  f o r  t h e  type  of  shock 
tube  being cons idered ,  equat ion  9.6 i s  completely academic, f o r  t h e  
sma l l e s t  p o s s i b l e  shock tube  has a r a d i u s  g r e a t e r  t han  1 mm. Such 
a t u b e  would be one f o r  which p l (min)  and pl(max) co inc ide  s o  t h a t  
t h e  ope ra t ing  regime i s  j u s t  a  p o i n t .  Since pl(max) has  been 
chosen t o  be 1 mm Hg from ins t rumen ta t ion  r i s e  t ime c o n s i d e r a t i o n s ,  
t h e  r a d i u s  of t h i s  "smal les t  p o s s i b l e  u s e f u l  shocktube" is  obta ined  
by s e t t i n g  p l (min)  = 1 i n  equat ion  9 .5 .  THe r e s u l t  i s  R = 4.8 mm. 
A s  t h e  t u b e  r a d i u s  i s  increased  from t h i s  value,  t h e  ope ra t ing  
regime widens i n d e f i n i t e l y .  However, t h i s  widening of t h e  ope ra t ing  
regime t a k e s  p l ace  only  provided equat ion  9.1 i s  s a t i s f i e d .  Thus 
a s  R i s  inc reased ,  t h e  tube  l e n g t h  L must i n c r e a s e  as R ~ .  Now t h e  
i n i t i a l  c o s t  o f  a shock tube  i s  roughly p r o p o r t i o n a l  t o  t h e  weight 
and t h u s  w i l l  be g iven  approximately by 
I n i t i a l  Cost % L R ~ / ~  % R 7 / 2  (Eqn. 9.7) 
Moreover t h e  ope ra t ing  c o s t  of a shock t u b e  i s  roughly p r o p o r t i o n a l  
t o  t h e  i n t e r n a l  volume and t h u s  w i l l  be approximately 
Operating Cost % L R~ % R~ (Eqn. 9 .8)  
Thus it is  adv i sab le  t o  s e t  a p r a c t i c a l  l i m i t  t o  t h e  t u b e  r a d i u s  
(and t h u s  t o  t h e  ope ra t ing  reg ime) .  It seems d e s i r a b l e  t o  be a b l e  
t o  vary  t h e  i n i t i a l  p re s su re  by a  f a c t o r  of  100. This  l e a d s  t o  
p l (min)  g iven  by 
1 mm Hg - pl(min)  = - l o p  Hg (Eqn. 9 .9)  
This  i n  t u r n  r e q u i r e s  t h a t  t h e  tube  r a d i u s  be (us ing  equat ion  9.5) 
R = (8 / .01)  3/4 = 150 mm cz (Eqn. 9.10) 
and from equat ion  9.1 i t s  l eng th  must be 
L = R~ 2 23,000 mm 2 900" = 75 '  (Eqn. 9.11) 
Then from t h e  above determined tube  dimensions and ope ra t ing  
p re s su res ,  a l l  t h e  o t h e r  des ign  f a c t o r s ,  such a s  vacuum c a p a b i l i t y ,  
necessary  d r i v e r  p r e s s u r e ,  wa l l  t h i c k n e s s ,  d r i v e r  dimensions, e t c . ,  
can be e a s i l y  determined. 
The ope ra t ing  regime of t h e  shock tube  r e s u l t i n g  from t h i s  
example des ign  and t h a t  of t h e  GALCIT 17" shock tube  a r e  shown i n  
f i g u r e  1 X . l .  This  f i g u r e  i s  a Low Density Shock Tube Design Chart  
i nco rpora t ing  t h e  l i m i t a t i o n s  
pl(min)  = 81 R Y / 3  
p l  (max ) = L/  R2 
(Eqns. 9.12) 
The in s t rumen ta t ion  l i m i t  of pl(max) = 1 mm Hg may, of  cou r se ,  
be a d j u s t e d  a s  d e s i r e d  f o r  t h e  p a r t i c u l a r  equipment a v a i l a b l e .  I t  
i s  based on t h e  b e s t  gage -e l ec t ron ic s  combination a v a i l a b l e  a t  t h i s  
t ime f o r  shock s t r u c t u r e  experiments ,  Baganoff 's  (Ref. 2 5 )  p r e s s u r e  
gage,  which has  a r i s e  t ime o f  about  .1 usec.  The shock passage 
t ime should be a t  l e a s t  t e n  t i m e s  t h i s ,  o r  1 psec.  The s lowes t  
shock speed normally used is  roughly . 5  mm/psec, which corresponds 
t o  a Mach number o f  about  1 . 5 .  Thus t h e  thinnest shock amenable 
t o  a c c u r a t e  s t r u c t u r e  a n a l y s i s  is one . 5  mm t h i c k .  This  co r r e -  
sponds roughly t o  an i n i t i a l  p r e s s u r e  of  1 mm Hg. 
Note t h a t  some types  of i n s t rumen ta t i on  impose a lower l i m i t  
on u sab l e  i n i t i a l  p r e s s u r e s .  P re s su re  gages such a s  Baganoff ' s ,  
f o r  example, l o s e  response  magnitude r a p i d l y  a s  p l  i s  decreased  and 
a r e  p r a c t i c a l  without  a m p l i f i c a t i o n  (and hence d i s t o r t i o n )  on ly  
above about  10p Hg. The hea t  t r a n s f e r  gages designed f o r  t h e  shock 
shape s tudy ,  however, a r e  e s s e n t i a l l y  without  a lower p r e s s u r e  
l i m i t  ( s ee  appendix B ) .  They, of cou r se ,  are unable  t o  f a i t h f u l l y  
reproduce shock s t r u c t u r e  i n  t h e  way t h a t  i s  p o s s i b l e  w i th  
Baganoff ' s  gages.  Such cons ide ra t i ons ,  t h e n ,  a s  t h e  t ype  o f  
experiments  contemplated and t h e  t ype  of i n s t rumen ta t i on  a n t i c i p a t e d  
may he lp  e s t a b l i s h  t h e  d e s i r e d  ope ra t i ng  r e g i n e  of  a shock tube  
and hence, through f i g u r e  I X . 1 ,  t h e  t ube  dimensions.  
The shock d e v i a t i o n  from p l a n a r i t y  through and on e i t h e r  s i d e  
of  t h e  ope ra t i ng  regime o f  t h e  GALCIT 17" shock t u b e  i s  shown i n  
f i g u r e  I X . 2 .  This  f i g u r e  i s  b a s i c a l l y  a combined r e p l o t  o f  t h e  
d a t a  p re sen t ed  i n  f i g u r e s  111.4, I V . 2 ,  and V . 1  i n  p r ev ious  c h a p t e r s .  
R {inches) 
FIG. X. I 

I X .  2 The "Hi-Fi" Shock Tube 
-- --
The r e s u l t s  of  t h e  l a s t  s e c t i o n  i n d i c a t e  t h a t  i n  o rde r  t o  avoid 
t h e  t r a n s v e r s e  wave regime i n  a  l a r g e  r a d i u s  shock tube  a t  moder- 
a t e l y  high p r e s s u r e s  it i s  necessary  t o  make t h e  tube  p r o h i b i t i v e l y  
long.  Yet t h e  in s t rumen ta t ion  c a p a b i l i t i e s  of  t h e  l a r g e  shock tube  
a r e  s o  d rama t i ca l ly  s u p e r i o r  t h a t  it seems p r o f i t a b l e  t o  s ea rch  
f o r  a l t e r n a t i v e  means of extending t h e  ope ra t ing  regime of such 
tubes .  
Using an extremely long tube  t o  i n s u r e  boundary l a y e r  "choking" 
of t h e  t r a n s v e r s e  waves c r e a t e d  a t  t h e  diaphragm i s  perhaps t h e  
"bru te  force"  approach t o  t h e  problem. I t  would be more d e s i r a b l e ,  
from both an economic and an e s t h e t i c  p o i n t  o f  view, t o  e l i m i n a t e  
o r  g r e a t l y  reduce i n  magnitude t h e s e  waves a t  t h e i r  source .  The 
r e s u l t i n g  "h i - f i t '  shock tube  could be e s s e n t i a l l y  d i s tu rbance - f r ee  
over  a  wide ope ra t ing  regime and need be only long enough t o  i n su re :  
( 1 )  t h e  coa lescence  of  t h e  compression t r a i n  i n t o  a  wel l-  
def ined  equi l ibr ium shock and 
( 2 )  t h e  a t ta inment  of s u f f i c i e n t  t e s t i n g  l e n g t h  between 
shock and con tac t  su r f ace .  
The f irst  method which comes t o  mind f o r  e l i m i n a t i n g  t h e  t r a n s -  
v e r s e  waves a t  t h e i r  source i s  simply t o  e l i m i n a t e  t h e  source-- the 
bu r s t ing  diaphragm. The p e r f e c t i o n  o f  a n  e n t i r e l y  new flow 
i n i t i a t i o n  device  is  an  undertaking wi th  tremendous p o s s i b i l i t i e s ,  
but  one which is f r a u g h t  wi th  d i f f i c u l t i e s .  Many c o n f i g u r a t i o n s  
suggest  themselves which have many of t h e  a t t r i b u t e s  r equ i r ed  o f  
such a  device ,  bu t  s o  f a r  none which has them a l l .  Some o f  t h e s e  
e l u s i v e  a t t r i b u t e s  a r e  l i s t e d  below. 
A Elow i n i t i a t i o n  device  should:  
( 1 )  be s t rong  enough t o  wi ths tand  t h e  d i f f e r e n t i a l  p r e s s u r e s  
a p p l i e d  t o  it.  
( 2 )  be completely vacuum t i g h t  even while  sub jec t ed  t o  t h e  
s t r e s s e s  caused by t h e  d i f f e r e n t i a l  p re s su re .  
( 3 )  be e i t h e r  automatic  o r  c o n t r o l l a b l e  from o u t s i d e  t h e  t u b e  
without  no ise-genera t ing  e l e c t r i c  s i g n a l s  which could 
prematurely t r i g g e r  o t h e r  ins t rumenta t ion .  
( 4 )  i n i t i a t e  t h e  flow wi th in  a  very s h o r t  t ime i n t e r v a l  
( a  mi l l i s econd  i s  t y p i c a l  f o r  diaphragms) i n  such a  way 
t h a t  t h e  f low w i l l  be c o a x i a l  and uniform i n  t h e  tube .  
(5) be capable of ope ra t ing  over  a s  wide a range of  d r i v i n g  
p re s su res  a s  p o s s i b l e ,  c o n s i s t e n t  wi th  t h e  tube  des ign  
and ope ra t ing  regime. 
( 6 )  p r e f e r a b l y  be capable of being r e s e t  f o r  t h e  next  s h o t  
remotely,  without  t h e  tube  being opened. 
A second method f o r  e l imina t ing  t h e  t r a n s v e r s e  waves i s  t o  
cance l  them o u t  a s  soon a s  t hey  a r e  c r e a t e d  o r ,  looking a t  it 
another  way, prevent  them from forming. One p o s s i b l e  method f o r  
reducing t h e i r  ampli tude by us ing  a  reverse-bulg ing  diaphragm has 
a l r e a d y  been mentioned i n  s e c t i o n  V.3. 
I4 l 
I n  Whitham's (Ref. 2 6 )  theory  of  shock dynamics he shows t h a t ,  
t o  t h e  approximation of  t h e  theo ry ,  t h e  shock propagat ion problem 
is  i d e n t i c a l  t o  t h e  analogous s teady  supersonic  f low problem. If 
one can c a l c u l a t e  t h e  e q u i p o t e n t i a l s  of t h e  l a t t e r ,  then  he has t h e  
success ive  shock p o s i t i o n s  of t h e  former.  Based on t h i s  analogy,  
t h e  method of c h a r a c t e r i s t i c s  might be used t o  des ign  a  t r a n s i t i o n  
s e c t i o n  j u s t  downstream of t h e  diaphragm of  a  shock tube ,  such t h a t  
t h e  shock wave, which i s  roughly s p h e r i c a l  when produced, may l eave  
t h e  t r a n s i t i o n  s e c t i o n  p l ane .  The problem i s  analogous t o  designing 
a  supersonic  i n l e t  sub jec t ed  t o  an inf low which has  a  r a d i a l  com- 
ponent of  v e l o c i t y  and which must be tu rned  p a r a l l e l ,  producing a 
uniform p res su re  a t  t h e  compressor. F igure  IX.3 shows how such a 
t r a n s i t i o n  s e c t i o n  might look.  
Note t h a t  t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  e a r l y  boundary l a y e r  
c l o s u r e  might occur  i n  t h e  t r a n s i t i o n  s e c t i o n .  In  t h a t  ca se  t h e  
device  could extend t h e  boundary l a y e r  regime a s  w e l l  a s  modify 
t h e  t r a n s v e r s e  wave regime. I n  f a c t  it may be p o s s i b l e  t o  extend 
t h e  ope ra t ing  regime of e x i s t i n g  shock tubes  by merely i n s e r t i n g  a  
s e t  of concen t r i c  c y l i n d r i c a l  s l eeves  wi th in  t h e  tube  downstream of  
t h e  diaphragm, the reby  mul t ip ly ing  t h e  number of t r a n s v e r s e  wave 
r e f l e c t i o n s  and promoting premature boundary l a y e r  c l o s u r e  w i t h i n  
t h e  s l e e v e  s e c t i o n .  
I t  should be poin ted  out  t h a t  t h e s e  a r e  merely suggested as 
p o s s i b i l i t i e s  warran t ing  f u r t h e r  s tudy .  Follow-up r e s e a r c h  is  
being conducted under t h e  d i r e c t i o n  of t h e  au tho r  a t  t h e  A i r  Force 
I n s t i t u t e  of  Technology. F i r s t  r e s u l t s  from a p i l o t  experiment 
i n  a  smal l  shock rube a r e  i nconc lus ive .  
Even i f  t h e  above sugges t ions  do no t  bea r  immediate f r u i t ,  t h e  
mere e x i s t e n c e  of t r a n s v e r s e  waves j u s t i f y  t h e  hope t h a t  one day 
they  w i l l  be overcome and r e s e a r c h e r s  w i l l  work i n  a new gene ra t i on  
of " h i - f i "  shock tubes .  
EST SECTION 
FIG. X.3 
TRANSITION SECTION FOR A 
" H I - F I "  SHOCK TUBE 
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APPENDIX A: SHOCK TUBE DESCRIPTION 
A . l  Desc r ip t i on  o f  t h e  G A L C I T  17" Shock Tube 
- -- --- 
The b e s t  g e n e r a l  d e s c r i p t i o n  of t h e  GALCIT 17" shock tube  i s  
conta ined  i n  r e f e r e n c e  19 ,  while  a d d i t i o n a l  supplementary in format ion  
i s  i n  r e f e r e n c e s  1 8  and 21. 
S ince  p u b l i c a t i o n  of zhe above r e f e r e n c e s ,  t h e  fo l l owing  modif i -  
c a t i o n s  t o  t h e  t u b e  have been made: 
( 1 )  A l l  v a lves ,  pumps, and in s t rumen ta t i on  were made operab le  
by remote c o n t r o l  from a c e n t r a l  c o n t r o l  p a n e l ,  enabl ing  
t h e  t ube  t o  be opera ted  s a f e l y  and convenien t ly  by one man. 
( 2 )  The movable diaphragm c u t t i n g  b l ades  were r ep l aced  by a  
s e t  of  i n t e r changeab le  f i x e d  b l ades  of  d i f f e r e n t  c u t t i n g -  
p l ane  cu rva tu re s .  
( 3 )  The diaphragm s e c t i o n  was equipped wi th  f o u r  squar ing  
p l a t e s ,  enabl ing  each quadran t  o f  t h e  rup tu red  diaphragm 
t o  f o l d ,  r a t h e r  t h a n  t e a r ,  and e l i m i n a t i n g  p e t a l  l o s s  over  
a  wide range of  b u r s t i n g  p r e s s u r e s .  This  mod i f i ca t i on  
produced a s l i g h t  a r e a  r educ t ion  a t  t h e  diaphragm and 
r e s u l t e d  i n  t h e  Mach number produced a t  a  g iven  diaphragm 
p r e s s u r e  r a t i o  being reduced t o  94% o f  t h a t  p r e d i c t e d  by 
i d e a l  t u b e  t heo ry .  
APPENDIX B: FILM GAGE DESCRIPTION 
B . l  Film Gage Response Theory 
---
Consider t h e  b a s i c  f i l m  gage c i r c u i t  shown i n  f i g u r e  B . l  ( no t e  
t h a t  i n  t h i s  appendix only ,  t h e  symbol R s t a n d s  f o r  r e s i s t a n c e ,  
r a t h e r  t han  r a d i u s ) .  Sometime p r i o r  t o  shock tube  f i r i n g ,  t h e  swi tch  
i s  c losed  and a s t eady  vo l t age  
(Eqn. B.1) 
becomes impressed a c r o s s  t h e  gage. A s t eady  c u r r e n t  1 f lows  through 
t h e  c i r c u i t .  When, a f t e r  t h e  tube  is f i r e d ,  t h e  shock wave pas ses  
( o r ,  i n  t h e  c a s e  of t h e  end wa l l ,  r e f l e c t s  from) t h e  gage, t h e  tem- 
p e r a t u r e  of t h e  gage i s  r a i s e d  suddenly. This  temperature jump 
causes t h e  gage r e s i s t a n c e  t o  change by an amount AR. The r e l a t i v e  
r e s i s t a n c e  change i s  known a s  a  f u n c t i o n  of t h e  i n i t i a l  p r e s s u r e  o f  
t h e  gas  and t h e  shock Mach number. For t h e  case  of  t h e  end wa l l  
gage, t h i s  r e l a t i o n  l e a d s  t o  t h e  p l o t  i n  f i g u r e  B.2. The d e t a i l s  of  
t h e  a n a l y s i s  a r e  g iven  by Roshko (Ref.  27). 
When t h e  b a l l a s t  r e s i s t a n c e  R o  i s  l a r g e  compared wi th  R ,  t h e  
c u r r e n t  i s  cons t an t ,  and t h e  output  s i g n a l  r a t i o ,  Ae/E i s  equal  
t o  AR/R. I n  t h i s  ca se  t h e  s i g n a l  Ae can be increased  only by 
inc reas ing  E. I f  Eo is f i x e d ,  t hen  E i s  increased  by decreas ing  R o .  
Eventua l ly ,  t h e  assumption t h a t  Ro >> R i s  v i o l a t e d  and, f i n a l l y ,  
i f  R o  i s  decreased t o  ze ro  t h e  s i g n a l  a l s o  goes t o  ze ro  f o r  E  = E o  
r e g a r d l e s s  of R. 
It is c l e a r ,  t h e n ,  t h a t  t h e  s i g n a l  Ae must have a  maximum f o r  
some p a r t i c u l a r  va lue  of  R o .  S ince  t h e  e x i s t e n c e  of  t h i s  maximum i s  
i n c o n s i s t e n t  w i th  t h e  assumption t h a t  R o  >> R ,  t h i s  assumption must 
be d i s ca rded  dur ing  t h e  s e a r c h  f o r  t h e  R o  which y i e l d s  Ae(max). 
By s imple  a n a l y s i s  of  t h e  c i r c u i t  bo th  be fo re  and a f t e r  t h e  
r e s i s t a n c e  jump, it i s  found t h a t  t h e  s i g n a l  Ae i s  g iven  by 
Consider ing Eo and R a s  c o n s t a n t s ,  t h i s  equa t ion  i s  d i f f e r e n t i -  
a t e d  wi th  r e s p e c t  t o  R o  and t h e  r e s u l t  s e t  equa l  t o  zero .  This  
it. l e a d s  t o  a  q u a d r a t i c  equa t ion  f o r  t h e  Ro"  f o r  which Ae i s  a  maximum. 
There i s  an  e x p l i c i t  approximate s o l u t i o n  f o r  t h e  case,when 
AR << R 0 , R .  It i s  simply 
~0~ = R (Eqn. E.3) 
t h e  optimum b a l l a s t  r e s i s t a n c e  being equa l  t o  t h e  gage r e s i s t a n c e ,  
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B.2 Non-ideal Gage Performance 
- 
Thin f i l m  gages have n o t  been operable  a t  t h e  "optimum" con- 
d i t i o n s  de r ived  i n  t h e  l a s t  s e c t i o n  because of  non-ideal  behaviour 
a s s o c i a t e d  wi th  gage heatup.  I n  t h e  p a s t ,  only smal l  c u r r e n t s  
( t y p i c a l l y  10 ma) have been passed through such gages s o  t h a t  t h e  
I ~ R  hea t  produced would be n e g l i g i b l e .  I f  t h e  c u r r e n t  were r a i s e d  
(Ro lowered) t h e  gage would f a i l ,  u sua l ly  a t  t h e  junc t ion  between 
t h e  platinum f i l m  and t h e  s i l v e r  p a i n t  l e a d s .  Such gage burnout 
imposed a  s e r i o u s  r e s t r i c t i o n  on gage ope ra t ing  c u r r e n t  ( o r  v o l t a g e )  
and thus  on gage response.  This  r e s t r i c t i o n  has been removed by 
means desc r ibed  i n  t h e  next  s e c t i o n .  
Once t h i s  burnout b a r r i e r  i s  passed,  an a d d i t i o n a l  e f f e c t  i s  
encountered,  a l s o  caused by t h e  I ~ R  hea t ing .  A s  t h e  s t eady  s t a t e  
c u r r e n t  i s  r a i s e d ,  a  p o i n t  i s  reached above which t h e  hea t  produced 
cannot be l o s t  through r a d i a t i o n  and conduction and a  r a p i d  r i s e  i n  
s u r f a c e  temperature occurs .  There i s  an a s s o c i a t e d  r i s e  i n  t h e  gage 
r e s i s t a n c e  which a l t e r s  t h e  r a t i o  between R o  and R and produces a  
slow r i s e  i n  t h e  vo l t age  app l i ed  t o  t h e  gage. Since t h e  t o t a l  
c i r c u i t  r e s i s t a n c e  i s  i n c r e a s i n g ,  however, t h e  c u r r e n t  through t h e  
gage decreases  s lowly,  reducing I ~ R  u n t i l  a new equi l ibr ium i s  
reached.  Because of  t h i s  downward c reep  of  t h e  gage c u r r e n t ,  t h e  
gage response  i s  l e s s  t han  i d e a l .  There i s  a  c r i t i c a l  p o i n t  above 
which a t tempts  t o  pas s  more c u r r e n t  through t h e  gage w i l l  a c t u a l l y  
produce a  lower response.  
An e f f e c t i v e  cu r r en t  Ieff can be de f ined  a s  t h a t  gage c u r r e n t  
which would be r equ i r ed  t o  produce a measured gage response  i n  t h e  
absence of t h e s e  non-ideal  e f f e c t s .  F igure  B . 3  i s  a  p l o t  of  e f f e c -  
t i v e  c u r r e n t  vs .  a c t u a l  a p p l i e d  i n i t i a l  c u r r e n t  f o r  a t h i n  f i l m  gage 
of  R = 220R. I t  can be seen t h a t  t h e  e f f e c t i v e  c u r r e n t  is a  maximum 
f o r  a n  app l i ed  c u r r e n t  of  120 ma. This  corresponds t o  a gage vo l t age  
of E = 26V. This ,  t hen ,  i s  t h e  g r e a t e s t  vo l t age  which should be 
app l i ed  a c r o s s  t h a t  gage, r e g a r d l e s s  of  what Eo is  a v a i l a b l e .  I f  Eo 
is f i x e d ,  t h e n  t h i s  E(max) f i x e s  Ro, u s u a l l y  a t  a  h ighe r  va lue  than  
t h a t  g iven  i n  equat ion  B . 3 .  
EFFECTIVE vs APPLIED CURRENT 
FOR TYPICAL THIN-FILM GAGE 
(R = 220R) 
3.3 Prevent ion  of Gage Burnout 
- -- 
It has been found t h a t  gage burnout can be e l imina ted  by making 
t h e  evaporated f i l m  and t h e  low-res i s tance  pa in t ed  l e a d s  of  t h e  same 
me ta l ,  plat inum. This  e l imina te s  t h e  metal- to-metal  mismatch which 
occurs  between plat inum f i l m s  and s i l v e r  l e a d s .  
The l e a d s  a r e  pa in t ed  on f irst ,  i n  s e v e r a l  l a y e r s ,  each l a y e r  
baked on be fo re  p a i n t i n g  t h e  n e x t .  Af t e r  t h e  l e a d s  have been b u i l t  
I 
up t o  t h e  p o i n t  where t h e i r  r e s i s t a n c e  i s  acceptably low (around 
5 ohms) t h e  f i l m  i t s e l f  may be evaporated on to  t h e  c leaned  s u r f a c e  
of t h e  gage and baked on. Experience shows t h a t  t h e  f i l m  i s  u s u a l l y  
damaged by subsequent a p p l i c a t i o n  of  t h e  l e a d s  i f  it is app l i ed  f i r s t .  
All-platinum gages of approximately 200 ohms r e s i s t a n c e  have 
been s u c c e s s f u l l y  produced i n  t h i s  way which a r e  capable  of  with- 
s tanding  impressed v o l t a g e s  of up t o  50V and gage c u r r e n t s  of  200ma. 
The s u r f a c e  a r e a s  of t h e  f i l m s  va r i ed  between .004 and .l i n 2 .  The 
films surv ived  over  400 runs  i n  t h e  shock t u b e ,  a t  Mach numbers up 
t o  12 ,  without  f a i l u r e .  
B.4 The Mul t ip le - f i lm Gage 
-- 
The s t anda rd  in s t rumen ta t ion  p o r t s  i n  t h e  GALCIT 17" shock tube  
accep t  gages on c y l i n d r i c a l  r o d s  of  one inch  diameter  on ly .  The 
mounting pads a r e  n e a r l y  3" i n  d iameter ,  t h u s  r e q u i r i n g  t h e  same 
(3") minimum d i s t a n c e  between gages.  
Because of t h e  complex shape of t h e  shocks s t u d i e d  i n  t h i s  
i n v e s t i g a t i o n  and because of  t h e  l a c k  of axisymmetry i n  many cases ,  
it was necessary  t o  have a s  many d a t a  p o i n t s  a s  p o s s i b l e  l o c a t e d  
along a s i n g l e  r a d i u s  of t h e  endwall.  This  was accomplished by 
p u t t i n g  s e v e r a l  p a r a l l e l  f i l m s  on each gage c y l i n d e r ,  each f i l m  
being provided wi th  i t s  own s e t  o f  l eads .  
Each f i l m  a c t u a l l y  i n t e g r a t e s  information r ece ived  over  i t s  
e n t i r e  s u r f a c e  a r e a .  Thus t o  be considered a  d a t a  "point" ,  t h e  f i l m  
must have dimensions which a r e  smal l  compared with i t s  r a d i a l  l oca -  
t i o n .  The f i l m  a t  t h e  c e n t e r  of t h e  tube  must have dimensions 
sma l l  i n  comparison with t h e  r a d i a l  d i s t a n c e  over  which a  s i g n i f i c a n t  
change i n  t h e  measured q u a n t i t y  i s  expected t o  occur .  F igure  B.4 
shows two types  of  mul t ip le - f i lm gages,  t h e  f i rs t  f o r  g e n e r a l  u s e  
and t h e  second f o r  use a t  t h e  c e n t e r  o f  t h e  tube .  The improved gage 
could a l s o  be used i n  sma l l e r  t ubes .  
L E A D S  
( a )  TYPICAL 5-FILM GAGE 
LEADS 
( b )  IMPROVED-GEOMETRY GAGE 
FIG. B. 4 
MULTIPLE-FILM GAGES 
(ENLARGED END VIEW) 
APPENDIX C:  RE-FORMULATION AND EXTENSION OF 
DE BOER'S TWO-DIMENSIONAL SHOCK SHAPE THEORY 
C . 1  Formulation of t h e  Problem 
- --
" The same assumptions a r e  employed he re  a s  were used by deBoer: 
( 1 )  t h e  r eg ion  behind t h e  shock and o u t s i d e  t h e  boundary l a y e r  i s  a  
p o t e n t i a l  f low and (2) t h e  shock makes a  s m a l l  ang le  wi th  t h e  
v e r t i c a l .  
The "wavy wal l"  approach w i l l  be used, so lv ing  f i r s t  f o r  a  
s i n u s o i d a l  w a l l  a s  i n  f i g u r e  C . 1  and then  i n t e g r a t i n g  over  a l l  
p o s s i b l e  f r equenc i e s  t o  o b t a i n  t h e  a c t u a l  w a l l  shape a s  a  Four i e r  
i n t e g r a l  . 
Since  t h e  boundary cond i t i ons  a r e  expressed i n  terms of t h e  
v e r t i c a l  v e l o c i t y  v  it seems more d i r e c t  t o  use t h i s  a s  t h e  unknown, 
r a t h e r  t han  t h e  v e l o c i t y  p o t e n t i a l .  
The p o t e n t i a l  equa t ion  i n  t h e  a p p l i c a b l e  r eg ion  i s  
where 
,2 = (1 - F4rn2) 
D i f f e r e n t i a t i n g  equa t ion  C . 1  wi th  r e s p e c t  t o  y ,  
(Eqn. C.l) 
(Eqn. C.2) 
(Eqn. (2 .3 )  
X Now l e t  a = - . Then 
m 
which i s  Laplace ' s  Equation. 
The boundary cond i t i ons  w i l l  now be formulated.  By symmetry, 
a long  t h e  p l ane  midway between t h e  two w a l l s ,  
(Eqn. C.5) 
~ r o m  t h e  sma l l  shock ang le  assumption it fo l lows  t h a t  j u s t  behind t h e  
shock, 
(Eqn. C.6) 
which w i l l  be  used t o  g i v e  t h e  shock shape,  once v i s  found,  as 
fo l lows  : 
(Eqn. C.7) 
The boundary condi t ion  along t h e  wa l l  i s  simply t h a t  
v ( a , o )  - t i ,ff(6) (Eqn. (2.8) 
where f ( 4 ) ,  t h e  shape of t h e  wa l l ,  f o r  t h e  wavy wa l l  i s  j u s t  
2 ?TA f ( 6 )  = A s i n  -A (Eqn. C . 9 )  
Then equat ion  C.8 becomes 
~ T ~ A U ,  
~ ( 6  ,o) = - 2~ra h COS -A 
and the fornulation of the problem is complete. 
PLANEOFSYMMETRY 
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FIG. C. I 
W A V Y - W L L  GEOMETRY 
2 DIMENSIONAL CASE 
(TWO PARALLEL WALLS)  
C.2 So lu t ion  o f  t h e  Problem 
- --
The g e n e r a l  s o l u t i o n  t o  equa t ion  C.4 i s  
v = [ A 1  cos  p + B 1  s i n  pd] [ c t e P Y  + D ' ~ - ~ ' J  
Applying equa t ion  C.5, 
D '  = - cte2Py (Eqn. C.12) 
and t h u s  
~ ( a  , y )  = [A" cos  p i 8" s i n  ph l  rePY - e ( 2h-Y )pl (Eqn. C.13) 
Now apply ing  equa t ion  C.10, 
When t h e s e  a r e  s u b s t i t u t e d  i n t o  equa t ion  (2.13 and t h e  d e f i n i t i o n  of 
t h e  s i n h  i s  employed, t h e  r e s u l t  i s  
2 n  
s i n h  - (h-y)  271 2 nd 
v(d , y )  = - AU, cos  - A A A s i n h  - 21~h 
A 
A t  t h i s  p o i n t  t h e  wavy w a l l  i s  r ep l aced  by a  f i c t i t i o u s  w a l l  
l o c a t e d  a t  t h e  edge o f  t h e  displacement t h i c k n e s s  boundary l a y e r .  
The equa t ion  o f  t h i s  w a l l  is  
Thus 
(Eqn. C.16) 
2 IT Returning t o  x  v a r i a b l e s  and i n t e g r a t i n g  over  a l l  - A '  equa t ion  (2.15 
becomes 
2n Now in t roduc ing  t h e  q u a n t i t y  k  = - and  lumping a l l  t h e  c o n s t a n t s  Am 
IT i n t o  a new s e t  o f  c o e f f i c i e n t s  Ak = - r n 2 k ~ A ~ a , ,  t h i s  can be w r i t t e n  2 
i: Ak cos kx s i n h  mk(h-y) dk v ( x , y )  = 7 
s i n h  mkh (Eqn. (2.18) 
The c o e f f i c i e n t s  Ak a r e  eva lua ted  from t h e  boundary c o n d i t i o n  along 
t h e  f i c t i t i o u s  w a l l  and t h e  d e f i n i t i o n  of  t h e  Four i e r  c o s i n e  
i n t e g r a l .  From equat ion  C.18, 
where 
S u b s t i t u t i n g  equa t ion  C.17 i n t o  t h i s ,  one o b t a i n s  
(Eqn. C.19 
m 
cos  kx dk 
and t h e  complete s o l u t i o n  f o r  t h e  v f i e l d  i s  ob ta ined  when t h i s  i s  
p u t  i n t o  equa t ion  (2.18 g i v i n g  
Co s i n h  mk(h-y) 
v ( x , y >  = - - s i n h  mkh dk 
Evalua t ing  t h i s  a t  x  = 0 l e a d s  t o  t h e  shock shape a s  fo l l ows :  
A'U, jrn s i n h  mk(h-y) dk 
v (0 ,y )  = - - 
6 . 6 s i n h  mkh 
and us ing  3.524-3 o f  r e f e r e n c e  28, 
t h e n  s u b s t i t u t i n g  t h i s  i n t o  equa t ion  C . 7  and not ing  t h a t  Uw = U 2 ,  
16 5 
where 6 = h(2ktl.)-h and g = h(2ktl)tk 
(Eqn. C.26) 
Introducing the dimensionless variable 5 = this becomes h ' 
fi+m+ 6- &-6 t . .  .I (Eqn. C.28) 
C . 3  Eva lua t ion  of t h e  Shape 
- --- 
The shock shape has  been determined by numer ica l ly  eva lua t ing  
equa t ion  C.28 a t  v a r i o u s  va lues  o f  q = 1 - 6. The s e r i e s  has  t h e  
va lue  ,761 f o r  q = 0. S h i f t i n g  t h e  o r i g i n  o f  x t o  t h e  p l a n e  through 
t h e  shock p o s i t i o n  a t  t h e  c e n t e r l i n e  ( f o r  cons i s t ency  wi th  t h e  
exper iments ) ,  and d e f i n i n g  xsh(ri=l) = 0 ( t h e  "apparent  t h i cknes s "  o r  
" a x i a l  e x t e n t " ) ,  it is found t h a t  
(Eqn. C.29) 
and t h a t  t h e  shock shape is  as shown i n  f i g u r e  (2.2. 
PLANE OF SYMMETRY 
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FIG. C. 2 
THEORETICAL SHOCK SHAPE 
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APPENDIX D :  RE-FORMULATION AND EXTENSION OF 
DE BOER'S AXISYMMETRIC SHOCK SHAPE THEORY 
D . 1  Formulation of  t h e  Problem 
- --
A s  i n  t h e  two-dimensional case, t h e  s i n k  v e l o c i t y  v w i l l  be 
used as  t h e  dependent v a r i a b l e .  The procedure i s  analogous,  wi th  
t h e  F o u r i e r  Besse l  i n t e g r a l  conver t ing  wavy w a l l  r e s u l t s  t o  t h e  
d e s i r e d  s o l u t i o n .  S ince  t h e  analogy i s  obvious,  t h e  boundary con- 
d i t i o n s  f a r  t h e  displacement  t h i c k n e s s  w a l l  w i l l  be used immediately.  
The o r i g i n  i s  on t h e  c e n t e r l i n e  of  t h e  t u b e  ( s e e  F ig .  D.1). 
' The axisymmetric p o t e n t i a l  equa t ion  i s  
1 
+ - + r  = 0 m 2 + x x + @ r r  I. 
D i f f e r e n t i a t i n g  wi th  r e s p e c t  t o  r ,  
1 1 
m2vxx + vrr + - V, - - v = O  
r r 2  
r2vrr + r v p  - v = - rn2r 2vxx 
Assuming a product  s o l u t i o n ,  l e t  
v ( x , r )  = F ( r )  G(x)  
t hen  
and 
(Eqn. D . l )  
The r a d i a l  equa t i on  i s  then  
Th i s  i s  t h e  modif ied Besse l  equa t ion .  
The a x i a l  equa t i on  i s  
and t h e  boundary c o n d i t i o n s  a r e  s i m i l a r  t o  t h o s e  f o r  t h e  two- 
dimensional  c a se :  
by symmetry, and a long  t h e  w a l l ,  whose equa t i on  i s  
t h e  c o n d i t i o n  i s  
A s  be fo re ,  t h e  shock shape comes from t h e  boundary c o n d i t i o n  a t  t h e  
shock,  and g i v e s  
This completes t h e  formulat ion of t h e  problem. 
FIG. D. I 
AXISYMMETRIC GEOMETRY 
i f ( x  ) DISPLACEMENT WALL 
'J2 
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D.2 So lu t ion  of t h e  Problem 
- --
The s o l u t i o n  t o  equat ion  D.5 i s  
and t h a t  t o  equat ion  D.6 is 
G = C'  cos  px + D '  s i n  px 
so t h a t  t h e  g e n e r a l  . so lu t ion  f o r  t h e  v e l o c i t y  v  i s  
(Eqn. D.11) 
(Eqn. D.12) 
(Eqn. D.13) 
The symmetry boundary cond i t i on  y i e l d s  B = 0 and if  v ( x , r )  is  
t o  be an even f u n c t i o n  of x ,  then  D' = 0 a l s o ,  Thus t h e  above 
s o l u t i o n  i n t e g r a t e d  f o r  a r b i t r a r y  wa l l  shape reduces t o  
) cos px dp (Eqn. D.14) 
The wa l l  shape i s  in t roduced  i n t o  t h e  Four i e r  i n t e g r a l  r e l a t i o n  
t o  s o l v e  for t h e  c o e f f i c i e n t s  A as fo l lows:  P 
v(x,R) = - TI ApIl(mpRl cos  px dp 
Thus 
- 
- " u 2 ~ ~ ~  I, cos  px dx 
(Eqn. D.16) 
(Eqn. D.17) 
S u b s t i t u t i n g  t h i s  back i n t o  equat ion  D . 1 4 ,  one o b t a i n s  t h e  complete 
s o l u t i o n  f o r  t h e  s i n k  v e l o c i t y :  
Evalua t ing  t h i s  a t  t h e  p lane  x = 0,  
(Eqn. D.18) 
which is a l s o  
(Eqn. 2 . 5 )  
(Eqn. D.19) 
one can  then  use  equat ion  D.10 t o  f i n d  t h e  shock shape: 
(Eqn. D.20) 
m 
1 
I U 2  I - CIo(mpr) - 1 0 ( o ) l  - - mF' dl' (Eqn. D.21) & (U1-U2) I1(rnpR) 6 
(Eqn. D.22) 
I' Now i f  we in t roduce  new v a r i a b l e s  ri = - and t = mpR, t h i s  reduces  t o  R 
(Eqn. D.23)  
which i s  also 
(Eqn. 2 . 6 )  
D . 3  Evalua t ion  of  t h e  Shape 
- --- 
The numerical  eva lua t ion  of  t h e  i n t e g r a l  i n  equat ion  D.23 i s  
c a r r i e d  ou t  i n  appendix E f o r  va r ious  va lues  of Q. Again d e f i n i n g  
8 a s  t h e  a x i a l  e x t e n t ,  it t u r n s  ou t  t h a t  t h e  i n t e g r a l  has t h e  va lue  
2.78 f o r  q = 1 and t h u s  
8 E xsh C2.781 (Eqn. D . 2 4 )  
which l e a d s  d i r e c t l y  t o  equat ion  2 . 7 .  
The shock shape c a l c u l a t e d  i n  appendix E i s  shown i n  f i g u r e s  
111.1, 111.5, 111 .6 ,  and I V . l  and is  reproduced i n  f i g u r e  D.2 
i n  non-dimensional form. When p l o t t e d  i n  t h i s  way t h e  two- 
dimensional and axisymmetric shapes a r e  n e a r l y  i d e n t i c a l  and d i f f e r  
l i t t l e  from a q u a r t e r  c i r c l e .  
DIRECTION OF 
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THEORETICAL SHOCK SHAPE 
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D . 4  C e n t r a l  Radius of  Curvature  
-
The s lope  of  t h e  shock a t  any p o i n t  i s  g iven  by 
(Eqn. D.25) 
and i s  of  course  ze ro  a t  r = 0. The cu rva tu re  a t  t h e  c e n t e r l i n e  of  
t h e  t ube ,  however, i s  f i n i t e  and can be c a l c u l a t e d  by p u t t i n g  t h e  
express ion  f o r  v ( o , r )  from equat ion  D.19 i n t o  t h e  above, d i f f e r e n -  
t i a t i n g  wi th  r e s p e c t  t o  r and eva lua t ing  a t  r = 0. The r e s u l t  i s  of 
i n t e r e s t  f o r  such a p p l i c a t i o n s  a s  o p t i c a l  r e f l e c t i v i t y  experiments 
such a s  t hose  by Linzer  & Hornig (Ref .  22) o r  f o r  s h o r t  pa th  o p t i c a l  
experiments nea r  t h e  c e n t e r  of  a  t ube  ( e l e c t r o n  beam o r  i n t e g r a t i n g  
Sch l i e r en  f o r  example). 
(Eqn. D.26) 
J 0 
(Eqn. D .  27) 
Although t h i s  could  be eva lua t ed  a t  any r ,  i t s  e v a l u a t i o n  a t  r # 0 
i s  extremely d i f f i c u l t  and,  f o r t u n a t e l y ,  of  l i t t l e  p r a c t i c a l  u se .  
A t  t h e  c e n t e r  of  t h e  t u b e ,  however, 
Now I o ( o )  = 1 and 1 2 ( 0 )  = 0. If a  new v a r i a b l e  X = mpR i s  in t roduced ,  
d2x 
-
dr2 
t h e  above reduces  t o  
- 
- u ~ A " ~  [ I o ( o )  + 1 2 ( o ) l  (Eqn, D.  28) 
s h  2& (U1-U2) 
r= 0 
(Eqn. D.29) 
which i s  a l s o  
(Eqn. 2 .8)  
The i n t e g r a l  i n  t h i s  exp re s s ion  has t h e  va lue  6.38 ( s e e  s e c t i o n  D.5) 
and t h u s  
(Eqn. D.30) 
S ince  t h e  shock s lope  can be assumed everywhere sma l l ,  t h e  r a d i u s  
of cu rva tu re  i s  approximately t h e  r e c i p r o c a l  of  t h e  cu rva tu re  (and 
a t  r = 0 it i s  e x a c t l y  s o ) ,  t h u s  equa t ion  2 . 9  fo l lows  immediately.  
R 
dr2 
- 6.38 U ~ A ~  (Eqn. D.31) 
- which is  a l s o  
P=O 2 ( 2 ~ m R ) l / ~  (U. (Eqn. 2 . 9 )  
D . 5  Numerical Eva lua t ion  of  P r 
- .- 
Let 
(Eqn. D . 3 2 )  
r e s p e c t i v e l y .  To c a l c u l a t e  P1 one can use  t h e  sma l l  argument 
expansion of t h e  Besse l  func t ion :  
(Eqn, D.33) 
Then 
(Eqn. D.34) 
To  c a l c u l a t e  P 3 ,  on t h e  o t h e r  hand, one u se s  t h e  l a r g e  argument 
expansion of t h e  Besse l  func t ion :  
and 
P2 was eva lua ted  by numerical  i n t e g r a t i o n  us ing  Gregory 's  
formula (page 157, Ref. 29, f o r  example) c a r r i e d  t o  t h e  second 
d i f f e r e n c e .  I n t e r v a l s  o f  .I were used from .2 t o  2 .5 ,  o f  . 5  from 
2.5 t o  6 .0  and o f  1 from 6 t o  11. The va lues  o f  t h e  Besse l  f u n c t i o n s  
were ob ta ined  from pages 218 and 221 o f  r e f e r e n c e  30. The r e s u l t  
was 
P2 = 4.59036066 
Thus t h e  e n t i r e  i n t e g r a l  has  t h e  va lue  
APPENDIX E: NUMERICAL EVALUATION OF 
f"' 
E . l  Expansion f o r  Small X 
- --- 
J u s t  as with t h e  i n t e g r a l  P i n  s e c t i o n  D . 5 ,  because of  t h e  
n o n - a v a i l a b i l i t y  of  expansions f o r  t h e  Bessel  f u n c t i o n s  uniformly 
v a l i d  f o r  a l l  s i z e  arguments, it i s  necessary  t o  break t h e  i n t e g r a l  
Q i n t o  t h r e e  i n t e g r a l s .  Expansions a r e  a v a i l a b l e  f o r  both smal l  
and l a r g e  arguments,  and t h e  in t e rmed ia t e  argument i n t e g r a l  can be 
eva lua ted  numerical ly .  
(Eqn. E.1) 
r e s p e c t i v e l y .  
For  sma l l  arguments, 
+ -  t . . .  
and 
(Eqn. E. 
(Eqn. E.: 
Then 
( E q n .  E . 4 )  
(Eqn .  E . 5 )  
( E q n .  E . 6 )  
E . 2  Computation of  Q2 , 
- -- 
I n  t h i s  i n t e rmed ia t e  range  where n e i t h e r  of  t h e  Bessel  func t ion  
expansions is v a l i d  it is  necessary  t o  numer ica l ly  i n t e g r a t e  by 
b r u t e  f o r c e  a t  each va lue  of n .  
This  was accomplished f i r s t  a t  n = .2 ,  .5 ,  .8 ,  and 1 . 0  by hand 
c a l c u l a t i o n  us ing  Gregory's formula c a r r i e d  t o  t h e  second d i f f e r e n c e .  
A s  i n  t h e  computation of  P, i n t e r v a l s  of  .1 from .1 t o  2 .5 ,  of .5  
from 2.5  t o  6.0, and o f  1 .0  from k = 6.0 t o  11.0 were used. 
Subsequently,  wi th  t h e  a s s i s t a n c e  of  D r .  M .  Chahine of t h e  
J e t  Propuls ion  Laboratory, Q2 was eva lua ted  a t  q = .l, . 2 ,  ..,, 1 . 0  
us ing  machine computation and much sma l l e r  i n t e r v a l s  of  X .  The 
computer r e s u l t s  showed t h e  hand c a l c u l a t i o n s  t o  have overes t imated  
t h e  va lue  of  Qz by t y p i c a l l y  .1%. 
The computer va lues  f o r  Q2 a r e  inc luded  i n  f i g u r e  E.2 a t  t h e  
end of t h e  appendix. 
E.3 Expansion f o r  Large Zn 
- - -
Since Q3 has  Been de f ined  such t h a t  ;t > LO and t h e  l a r g e -  
argument expansion i s  good f o r  va lues  o f  Xri > 2 t h e  r e s u l t s  of t h i s  
s e c t i o n  can only  be app l i ed  f o r  c a l c u l a t i n g  Q a t  n 2 . 2 .  Since t h e  
va lue  of  Q ( o )  i s  known t o  be zero  and t h e  f i rs t  and second de r iva -  
t i v e s  of  t h e  shock shape a r e  a l s o  known a t  q = 0 ,  t h e  i n a b i l i t y  t o  
c a l c u l a t e  Q3 f o r  0 < ri < .2  by t h i s  procedure does not  no t i ceab ly  
hamper o u r  a b i l i t y  t o  c o n s t r u c t  t h e  shock shape. Moreover we can 
show t h a t  Q g  i n  t h i s  range is of t h e  o r d e r  of 10"~  and t h u s  does 
not  prevent  de te rmina t ion  of Q f o r  0  < q < . 2  t o  s e v e r a l  f i g u r e  
accuracy,  
For  l a r g e  arguments ( s e e  page 143, Ref. 31,  f o r  example), 
and 
Then 
e  
Sri 
+ 
Q 3  ' + M 
(Eqn. E.7) 
(Eqn. E.8) 
Q 3  = Q3a + Q3b (Eqn. E.12) 
where Q3b i s  no t  a func t ion  of q and t h u s  can be eva lua ted  
numerical ly .  
Q3b + --- l5 e-'$tt-3]dt 128 (Eqn. E.13) 
where ( s e e  page 116, Ref. 32) 
= - 1.4003 x (Eqn. E.16) 
Thus 
(Eqn. E.17) 
Now Q3, i s  a f u n c t i o n  o f  TI and t h u s  must be eva lua ted  a t  each q 
i n d i v i d u a l l y .  
The i n t e g r a t i o n  of equat ion  E.l.8 a t  each va lue  of  T-I involves  t h e  
use  of t h e  fo l lowing  r e l a t i o n  ( s e e  page 331, R e f .  28) :  
where ( s e e  page 954, R e f .  2 8 ) :  
(Eqn. E.19) 
(Eqn. E.20) 
and i n  t u r n  i s  eva lua ted  according t o  
where v # 0,  -1, -2, . , , 
Now f o r  u se  i n  i n t e g r a t i n g  equa t ion  E.18, t h e  parameters  in t roduced  
i n  equa t ion  E.19 have t h e  fo l lowing  values:  
each term i n  equa t ion  E.18 having a  d i f f e r e n t  va lue  o f  v. 
It is  a l s o  necessary  t o  use  t h e  r e l a t i o n  ( s e e  page 260, Ref. 33) 
and ( s e e  page 117, Ref. 32) 
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r ( - x )  = - T(x+ l )  s i n  n x  (Eqn. E.24) 
When a l l  t h e s e  r e l a t i o n s  a r e  combined i t  i s  p o s s i b l e  t o  d e r i v e  
a  g e n e r a l  exp re s s ion  f o r  Q g  i n  which t h e  i n f i n i t e  s e r i e s  a r e  i n  
a  
s u i t a b l e  form f o r  eva lua t ion  by d i g i t a l  computer. This  equa t ion  
i s  g iven  i n  f i g u r e  E.1. 
The i n f i n i t e  s e r i e s  i n  t h i s  equa t ion  a r e  
(Eqn. E.25) 
where j t a k e s  on t h e  va lues  1, 2, 3 ,  and 4. The r a t i o  Rn o f  two 
succes s ive  terms i s  always of o r d e r  one and t h u s  t h e  computer can 
e a s i l y  g e n e r a t e  each succeeding term from t h e  one preceding it by 
t h e  r e c u r s i o n  formula 
A t  t h e  l a r g e r  va lues  of  p up t o  33 terms were r e q u i r e d  t o  o b t a i n  
t h e  d e s i r e d  accuracy.  
The c a l c u l a t i o n s  were performed f o r  0 = . 2 ,  . 3 ,  .4 ,  ..., .9  
(1-1 = .8 ,  ..7, . 6 ,  ..,, . 1 )  and t h e  r e s u l t s  s u b s t i t u t e d  i n  t h e  g e n e r a l  
equa t ion  f o r  Q3 F i g .  E l  The r e s u l t i n g  v a l u e s  f o r  Q g  were 
a  a  
added t o  Q3b t o  o b t a i n  Q 3  which i s  t a b u l a t e d  i n  f i g u r e  E.2. 
Xsh Note t h a t  -0 ( r1=.8)  = ,432 has  been used i n  p l o t t i n g  t h e  
t h e o r e t i c a l  va lues  of  Ax(.8) i n  s e v e r a l  f i g u r e s  i n  t h e  body o f  t h e  
r e p o r t  ( f i g u r e s  111.4, IV.2, V . 1 ,  and IX.2).  
FIG. E . 1  GENERAL EQUATION FOR Qg, 
2 1: + rl 
W V  + 01 
0, 
0 
0, 
+ 4 o 
- 
0 
0 
- 
r - 7  
2 
d 
d 
nT-' rl I W V  
x 
3 + 
C 
C V W  
I 
---------? 
g 3  L O N  r- 
'n 
3 
d +  
01 x o 
m 0 
C, 
3- 
rl 
rl 
V 
w x + (77 
rl 
8 ~ :  
01 
+ 3 
C C w 
w  m 
7. 
L=, 
4 
I 
V 
0 + 
n LO rl LO 
0 + 0 
ln 
01 
ln 
01 0 
01 w 0 
1 m 
0 
'n 0 
d 0 
I 
m 
w 
'.+--# 4 
a, 
d 
a, 
Cn d 
rl a3 
I rl 
w 
V 
I + 
(77 
I 
-112 
+ 
m 
0 
m 
8  r- 
m 4 
m 0 
m 0 
m o 
m 0 
m 
8 ~ 2  + 
0 
0 
8 ~ 2  
01 
3 
g =  
o 
+ w 
+ 
3 
3 LO 
01 
In 
0 
o 
b ' m  
0 
01 m 
1 I$ L 0 m
0, 
N o 
ln 
+ in 0
U3 
;t + r i  
m ln 
2 m m 
rn 
rl 
d 
a, 
d 
w 
rl 
0 
7 @ 4 12 I I 
a, 
- - - 1 
- + 9 
FIG, E . 2  RESULTS OF NUMERICAL EVALUATION OF Q 
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APPENDIX F: DISCUSSION OF ACCURACY 
F,1 General Considerations 
- 5 
Poss ib le  sources of e r r o r s  may be conveniently broken down i n t o  
two ca tegor ies :  
(1 )  s i g n a l  e r r o r s ,  where t h e  time d i f fe rence  between t h e  
s i g n a l s  put  out  by t h e  gages does not  accura te ly  r e f l e c t  
t h e  shock shape, and 
( 2 )  post -s ignal  e r r o r s ,  where t h e  time d i f fe rences  a r e  not  
accura te ly  recorded o r  read.  
Poss ib le  causes of s i g n a l  e r r o r s  a r e :  
(1 )  t h e  gages not being located  such t h a t  t h e i r  su r faces  l i e  
i n  a plane normal t o  t h e  end wal l ,  due e i t h e r  t o  bowing 
of t h e  end wall  o r  prot rus ion of t h e  gage from t h e  wall .  
(2 )  r a d i a l  v a r i a t i o n  of l o c a l  shock speed. 
( 3 )  v a r i a t i o n s  of gage r i se- t imes .  
Poss ib le  causes of pos t -s ignal  e r r o r s  a r e :  
(1)  l ack  of synchronization of scope sweeps. 
( 2 )  v a r i a t i o n  of  scope sweep speeds. 
( 3 )  v a r i a t i o n  i n  length  of BNC cables  from gages t o  scopes. 
(4)  v a r i a t i o n  of  scope r i se- t imes .  
, (5 )  o p t i c a l  d i s t o r t i o n  of  osc i l loscope g r i d  and t r a c e .  
(6) v a r i a t i o n  i n  p i c t u r e  sc r ib ing  technique. 
(7) e r r o r s  i n  reading scr ibed p i c t u r e s ,  
F.2 Discussion of  Signal  Er ro r s  
- -
The gages were mounted f l u s h  with t h e  i n s i d e  su r face  of  a  3/4" 
s t a i n l e s s  s t e e l  end p l a t e .  The p l a t e  su r face  was machined f l a t ,  
pol i shed,  and checked with an o p t i c a l  f l a t ,  Even with t h e  i n s t r u -  
mentation holes ,  t h e  r i g i d i t y  of the  p l a t e  was s u f f i c i e n t  t o  prevent 
de tec tab le  s t r a i n  when subjected t o  t h e  pressure  d i f fe rence  caused 
by evacuation of t h e  t e s t  sec t ion .  
Whenever gage prot rus ion occurred it was measured and t h e  da ta  
correc ted  accordingly. 
When shock shape o s c i l l a t i o n s  a r e  occurring,  t h e r e  must be 
r a d i a l  v a r i a t i o n s  i n  t h e  l o c a l  shock speed. These v a r i a t i o n s  depend 
on t h e  amplitude of  t h e  shock per turbat ion  and t h e i r  e f f e c t ,  i n  
t u r n ,  on t h e  determination of t h e  shock shape is  a higher order  
quan t i ty  which can be ignored when S /R  is  small.  
The response c h a r a c t e r i s t i c s  of t h e  f i l m  gages were very 
uniform. Thei r  r ise-t ime was small  compared with t h e  shock re -  
f l e c t i o n  time at  i n i t i a l  pressures  below 10 mm Hg. 
It i s  f e l t  t h a t  t h e  t o t a l  poss ib le  shock shape e r r o r  due t o  
t h e s e  causes could be no more than a few hundredths of a mi l l ime te r ,  
t h i s  being due mainly t o  gage prot rus ion.  
This could be checked i f  one had access t o  a  p e r f e c t l y  p lane  
shock. Indeed t h e  apparent shock pe r tu rba t ions  do uniformly approach 
zero  a s  L / P ~  R~ approaches i n f i n i t y  . 
F.3 Discussion of Post-Signal Er ro r s  
- -
A l l  t h e  ind iv idua l  poss ib le  causes f o r  e r r o r s  of t h i s  type were 
c a r e f u l l y  considered and el iminated a s  f a r  a s  poss ib le .  A l l  o s c i l -  
loscopes were t r i g g e r e d  from a s i n g l e  sourde. Sweep speeds were 
p e r i o d i c a l l y  checked. A l l  scopes were Tektronix type 555 with 
type L ampl i f i e r s ,  operat ing on t h e  same sweep speed. I t  was found 
t h a t  under t h e s e  condi t ions  timing e r r o r s  were on t h e  order  of 2 t o  
5 nanoseconds, whereas i f  d i f f e r e n t  scopes were employed o r  even 
d i f f e r e n t  sweep speeds on i d e n t i c a l  scopes, t h e  timing e r r o r s  could 
be t e n  times a s  g r e a t ,  
For tunate ly  a simple means f o r  checking on a l l  t h e  pos t -s ignal  
e r r o r s  a t  once e x i s t s .  The equipment i s  s e t  up j u s t  a s  i n  an a c t u a l  
shock shape experiment and a s i g n a l  is applied t o  a l l  t h e  gages a t  
once, s imulat ing a pe r fec t ly  plane shock with zero s i g n a l  e r r o r ,  
Oscilloscope p i c t u r e s  a r e  taken, sc r ibed ,  and read and a "shape" f o r  
t h i s  e l e c t r o n i c  shock wave determined, This procedure was accomplished 
pe r iod ica l ly  and e r r o r s  were of t h e  order  of a  few hundredths of  a  
mi l l imeter .  An abbreviated form of t h i s  procedure, wherein t h e  
scope synchronization and sweep could be checked, was performed 
before and a f t e r  each day's  experiments. 
Considering both s i g n a l  and pos t -s ignal  e r r o r s ,  t h e  da ta  seem 
t o  be r e l i a b l e  e a s i l y  t o  a  t e n t h  of a mi l l imeter .  
F.4 Sample Adjusted Shock Shape Determination 
-
Figure  F . l  con ta ins  t h e  osc i l l o scope  p i c t u r e s  f o r  t h e  e i g h t  
d a t a  p o i n t s  f o r  run  1401. This  run  w a s  a p a r t  of t h e  axisymmetric 
roo f top  d i s tu rbance  experiment and y i e lded  t h e  p o i n t  S /R  = -.111 a t  
< / R  = 2.51 on f i g u r e  V I I . l .  It can be seen  t h a t  t h e  d a t a  i s  
c a r r i e d  t o  t h e  n e a r e s t  hundredth of a mi l l ime te r ,  which l e a d s  t o  
f o u r  decimal p l aces  i n  C/R. This  i s  then  rounded o f f  t o  t h r e e  
p l aces ,  a l l  o f  which can be considered s i g n i f i c a n t .  Note t h a t  - two 
decimal p l a c e s  would have been s u f f i c i e n t  f o r  use  i n  p l o t t i n g  
f i g u r e  V L I . 1 .  
F igure  F.2 is a t r u e  s c a l e  p l o t  of t h e  shock shape determined 
by t h e  d a t a  of run  1401. By comparing f i g u r e s  F . l  and F.2 one can 
, s e e  how t h e  shock shape can be v i s u a l i z e d  q u a l i t a t i v e l y  even be fo re  
reducing t h e  da t a .  
psec 
-
psec mm mm mm 
- - -  - 
FIG. F.l DATA FROM RUN 1401 
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